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PART A

i

“A Survey of the Effect of 40 Liquid Metals and Alloys on the
Oxidation and Loss of Coherence of 13 Metals at
Room Temperature'

By

David A. Jackson, Jr., and Renry Leidheszer. Ir.




ABSTRACT

Two outstanding examples of the deterioration of metals in contact
with liguid metals and alloys at room temperatur. vere observed ir this
study: (1) the rapid oxidation of aluminum and magnesium in the presence
of mercury and its alloys, and (2) the cracking and loss of internal cchesion
of such metals as aluminum, zinc, silver, cadmium, lead, and tin in the
presence of gailivm and its alloys. The most effective liyuid wretal alloy
in the attack on ¢: aminum was the 80% Hg-20% Tl alloy. The m™. st effective

liquid metal alloy in the attack on magnesium was the 95% 3g-5% In alloy. ~ -




INTRODUCTION

The extremely deleterious effect of mercury on aluminum Fas baun
documented in many scientific feports and publicaiiors and is well knewa
the chemical industry. Although the phenomenon is well known, tkere aze
very few studies which are helpful in understanding the factors controlling
the rate of deterioration. This portion of the overall study was made in ti e
very early phases when prime consideration was being given to picking a
system for quantitative study. These preliminary survey-typc experiments
culminated in the decision to study the oxidation of pure aiuminura in contact
with mercuric iodide, which study is summarized in Part D of th's repo=st.
The results of the study with the liquid metals are summarized Lere because
some of the cbservations may be useful to other workers concerned with the
very rapid deterioration of metals, It must be emphasizad that thesa uxpuri~

ments are preliminary in nature and that they were only carried cut fex the

purpose of chousing & system for quantitative study,



EXPERIMENTAL PROCEDURE

All experiments were carried out at room temperat.-e +25-33%. -
transparent, plastic reaction chambe:z. The ¢k -2bci was mairta:red i1
relative humidity of 79-82%, as determined by 2 wet bulb and d:=v buld k.-
midity gauge, through the use of a saturaied solutior of B2Cl, arnd a 11,
The ckamber was appropriately, baffled so that the =zactior produz® wa~ 7 .
disturbed by the moving air.

A Pola- ‘d Land camera equipped with 2 #3 close-up i~ .s attackmer®
was used to take pictures cf many of the experimeanis. These phctogranhs
sexved to make comparisons between experiments carried out a‘ differert
times.

META S UZED

The following metals were used as corrosion sampies o= in the pre-
paration of the varicus mercury or galiium alloys.
Aluminum. Pigs of 99.999% aluminum were cbtained from the

Reyrncld Metals Company. The analysis for this casting was as fcllows:

si Cu Mg
0.0003 2.7.01 0.5510

The 1ot number for the casting vas 4R3133.

Magnesium. Rods, 13/16" in din-neter of matnesium, 3ind de-igrated

th

25 99_.95% pure, were cbtaincd fzom A. D, Mackay, Inc. N: analy:lz wa

listed.




Y
.

Tin. Bars of purified tin were obtzined from the Fisher Scientsic
Company, but no analysis was availe .z,

Copper. Rods, 3/8" in diameter, wer2 obizined irom the Amevrican
Smelting and Refining Company. The pu:-ity wes listed as 99.999%.

Zanc. Sticks of 1/4" diameter zinc rods were obtained frem ihe
Fisher Sc.entific Company. They were described as C.P. grade anrd had

the following impurities:

As Fe Pb
0. 00CTH0% 0.092 0.093

The lot number for the casting was 793800.
Titanium. Rods, 5/8" in diameter, of commercial grade A-7C
titanium werc obtained from the Crucible Sie2l Company cf America , and

tad the ioliowing percentage analysis:

£ B N Fe
0. 904 0.0029 0.02 0.20

Lead. Sticks, 1/4" in diameter, were obtained from the Fisher

Scientific Company and had the following percentage analysis:

= Bi Cu Fe Ni Ag
0. ¢1000 0.00001 0.0003 9. 001 v.GEul 0.060}

Zirconium (Zircaloy-2). A threc= Yoot rod of Zirca'; -2 was cdtained

frcm the Hanford Laboratories. The following enalysis accom anied the

rods:

A P




Sn Fe Cr N N H

— — —

1.5% 0.12% 0. 1% 0.05% 70 ppm. 60 ppm. 50 ppm.

Cadmium. A small ingot cf 99.399% pure cadmium wzs obtained

from the Consolidated Smelting and Refiring Coizpeny of Canada.

Antimony. Chips of high purity antimony were obtained from ihc -
Bradley Mining Company. No analysis is available.

Silver. A small rod of 3/8" diameter silver wa< nbta2ined from the
Consolidated Smeliing and Refining Company of Canada. It was l:sted as

99.v3%% pure.

Bismuth. A small ingot of intermediate grade 99.999% pusre Lismuth =
was obtzined from the Consolidated Smelting and Refining Company cf Canada. >
Nickei. Shavings from rods of 99.92% Ni were used. They were ob-
tained fr. a Crucible St eel Company of America.
Barium. A small rod of 99.5% pure barium was obtained from A. D.
Mackay Company. )
Manganese. Manganese in the form of small platelets was cbtained
frorn Unit: .- Mineral and Chemical Corp. The purity listed was 99.99+%.
Arsenic. Arsenic metal in chunk form was obtained from the United ‘ .
Mi:-eral and Chemical Corp. The pur:ity was liSc=u as 33.99%.
Piatinum !
Palizdium ..
Gold Shavings oi met2ls f unkno#m impurity >
Ruthenium cormwesition were usad.

RheGlum .

Iricier




Indium. Metal, 99.7% pure, was obtained in ingot form from tie

Consclidated Smelting and Refining Company of Canada
Thailium. A small red, 1/2" in diameter, oi 39.99% pure thallium

was obtained from A. D. Mackay, Inc.

tah
1y

—
Tiche

Gailium. Gallium metal 99.99% pure was obtained from

vi

Scientific Company and kad 0. 0051% Pb listed as the only significant im-~
purity.
Mercury. Triply distilled, purifie? reagent grade mercury was
cbtained from the: ¥:sher Scientific Company. The mnalysis indicated that
'Y gold and silver did not exceed 0. 005%.
Iron. Common, cold-rolled steel was obtained from a local distri-
butor.

PREFARATION OF SAMPLES

The majority of the metal samples were machined ia the form of
discs, 1/2" in diamete= and 1/4" thick, with a small recess on one face tc
sarve 2s a pool for the liquid metal. Only the 3/8",99 999% pure copper
i rods ana the 15/16" 99.95% pure magnesium rods were used in the diameter ;

rr-~eived. Scme of the other low-melting mctals were recast to the desired

s:ze bzfore machining. After machiniag, the s.rupies were degrezsed in

eriher and dried befcre being transferre2 té the seaotizz ~hamber. After

< / humidity equilibrium was zchieved 'n th. chamber, « dron ¢: two cf etching -

soluticn was pla~zed on ihe sample. fo:i+ <u by the ligu.d metal or salt 2sed

as the corrosion promcetea:




TYPE OF ETCHANT

For 21l samples except titanium and zirconium, the eiching sclution
was HCl1 (gas) dissclved in 95% ethyl zlcohol 0 the exient where 2 2M to 3M
sclution was achieved. For the titanivs. and zirconium samples, sever.. S
flucride etchants were used:
a) Solid HgF, + 2M HF
b) 1M HF

c) Sclid NaF + ZM H,50 4

T e




EXPERIMENTAL RESULTS

ALUMINUM

Tre r.sults obtained with many different iiyuid alloys are summa-"=-

ed in Table I. The general type of oxidation observed with the mercuzy alloys \

was similar to that obtained with pure mercury and many mercuvy salis i

Figure 1 is

which long filamente ¢f (xide grew from the metal surface.
typical cf the 2ppez-ance cf the majerity of the sanmiples expcsac vy the alloys
in cciumn 1 cf Tane”

In the case of the galiium alloys, the samples did not gener:ily ex-
Libit as large an amouct of cxidation as observed with the mercury alloys,
but rather th= samples detericrated by cracking. Wetting of the surfaces H
of the sa. ples by the gallium alloys tcok place only in the recessed area
directly unde: the pool of liquid metal. Hcwever; once wetting began, the
liguid metal penetrated the sample largely along grain boundaries. In some

cases, the lecation cf the cracks did not appear t~ be related to the lecation

~f the gva .. boundaries. Figure 2 shows severzl typlcal experiments with

six gaillium alloys.




"

igure 1. Typical type of oxidation observed when pure aluminum was /
exposed to the meTcury atlcys listed in column 1 of Table 1.
Tris pacticular experimen: wds orr [:2 zul witn HgRrs,
HgCl,, ard Hgl,, but it is typical cf the resuits obta:ned with
liguid mercury alleys.




Figure 2. The attack on 2luminum by gallium alloys. The following

ailoys were used: £1, pure Ga: #3, 95% Hg-3% Ga; #5,

90% Hg-10% Ga: #8, 75% riz-23% T .. 29, 50% Ga-20% In;

#11, £5% Ga-35% In. No white oxide was apparent in samples

contzining no mercury. Crrching ana spistting took place on

211 samples. The samdl> = racked by pure G (#1) cracked

seversly but did not spoatai--ously sepa_ate. ‘Thr white oxide
: was scraped eway {rom samnles #3, #5, and #8 to show the
fraginents. Reacticn time - 76 hours.
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TABLE ]

A Tabulation of the Experimental Results Obtained when Cylinders of 99.999%
Aluminum Were Exposed to Various Liquid Metals and Alloys

Alloys Wnich Caused

Severe Oxidation of
Aluminum

Alloys Which Caused
Cracking of Alumaun

Alloys Showiag No

Severe Deletericne
Effect on Aluminum

Hg
95% Hg - 5% Ga
90% Hg - 10% Ga

75% Hg - 25% Ga

ot

&

95% g - 5%
95% Hg - 5% T1

80% Hg - 20% T1

98% Hg - 2% Sn

98% He - 2% Ei

82% Ga - 18% In

70% Ga-18% in-12% Sn
Hg satd. with Pt

Hg satd. with Pd

Bz setd. with Aa

Hz satd. with Ag

Hg sztd. with Ba

Hg satd. with Mn

Tiy satd. v.ith Mg

Hg satd. with Cau

Ga

95% Hg - 5% Ga

90% Hg - 10% Ga

75% Hg - 25% G-

80% Ga - 20% In

65% Ga - 35% In

95% Ga - 5% Zn

92% Ga - 8% Sn

Ga satd. with Ti

Ga satd. with Cu

70% Ga-15% In-12% Sn
Ga satd. with Ag

90% Gz - 10% Cd

Ga satd. with Ni

82% Ga-12% Sn-% <
0% Ga-i&% In-i2% Sn

9&8% Hg-2% Gz alloy

satda. with Ia

0

5% Hg - 3= G. =lley
& within

aves &~

ES .

All alloys caused £ithar
appreciable oxidationc:s
led to cracking.




Alloys Whickt Caunsed
Severe Oxigatiur of Cracking of Aluminum
Algmmingm

Alloys Snowing No
Severs Deleterions
Eifect oun Aluminum

G~ Hg - 2% Po 95% Hg - 5% Tl allox

satd. with In
08% Hg - 2% 2n
9% Hg - 5% CcC
Hg satd. with Rn
Hg satd. with Ir
Hg s2td. with R0
51% Bg-41% In-B% T
7% Heg-17% In-10% T

o8% Hg - 2% Sa alloy
satd. with T1

35% Hg - 5% G alloy
satd. with T1

9% Hg - 2% Ga .
satd. with In

95% Hg - 5% Ga
satd. w1tk .




COPPER

The following liquid metals and alloys were studied:

Pure Hg Hg satd. with Pt Puare Ga

95% Hg - 5% In Hg satd. with Pd 80% Ga - 20% In

90% Hg - 10% In Hg satd. witii Au 9z% Ga - 8% Sn

80% Hg - 20% In Hg satd. witi: Ag 95% Ga - 5% Zn

98% Hg ~ 2% Pb Hg satd. with Ba 82% Ga - 18% In

98% Hg -~ 2% Zn Hg satd. with Mn Gz satd. with Fo

98% Hg - 2% Sn Hg satd. with Ir Ga satéd. with Tl

95% Hg - 5% Tl Hg satd. with A= 82% Ga-12% Sn-t% Zn
90% Hz - 10% Tl Hg satd. with Rh 7% Ga-156% In-12% Sn
80% Hg - 20% T1 Hg satd. with Mg 75% Hg-17% In-10% T1
70% Hg - 30% Tl Hg satd. with Ru

95% Hg - 5% Cd 51% Hg-41% In-8% T1

95% Hg - 5% Ga 95% Hg-5% Ga satd.

90% Hg - 10% Ga with Ti

98% Hg - 2% Bi 95% Hg-5% Ga satd.

Hg satd. with Cu with In

All the copper samples were readily wet by the liquid alloys but no
evidence of oxidation, cracking, cr peeling was observed in 90 hours. The

samplé: could not be broken even when a strong bending force was applied.

LEAD ~

None of the alloys studied exhibited a tendency to promote the oxida-
tion of ier * tu any visible extent. However, many of the alloyvs did cause a
loss of coherence of the lead as shown by the fact that bending the samples
Tre.uited ir fragmentation. Those alioy. which did and di® not cause a loss
cf corerence are listed in Table II.

Recause of the survey-nature i to~sc exzerim-ats, it is not possible
to ’raw clear-cut conclusions. it did apnzar, however, that a necessary

preiimina: s to the loss of ccherence was w=izing of ti:2 iead suzface by the




liquid metal. Since wetting can be affected by thin surface films, it must be

recognized that some of the alioys which did not cause a loss of coherence

mzy have done so under different conditions of surface preparation.

A Tabulation of the Liquid Metals and Alloys which Did and Did Not
Cause a 1L.oss of Coherence of L.ead Samples

Those Alloys Which
Caused a L.oss of Cokerence

Those Alioys in Which No
Loss of ~oherence was Observed

95% He - 5% In
90% Bz - itn In
80% Hg - 20% In
98% Hg - 2% Zn
98% Hg - 2% Sn
95% Hg - 5% Cd
95% Hg - 5% Ga
90% Hg - 10% Ga
805, Ga -20% In

(€% Ga-18% In-12% Sn

Hg satd. with Pt
Hg satd. with Pd
Hg satd. with Ir

Hg satd. with As
Hg satd. with Rh
Hg satd. with Mg
Hg satd. with Ru

M SNESIUM

The typical result obtained when magnesium w2s ~-.slacted with
mercury or its alloys zt high relative huniidities is shown in Flgure 3.
wxide generally formea iz 2 column which

oxide was voluminous and X -say ciffra<tion anzlysis did rnot yield rings

Pure Ga
Go sawd. with Po
95% Ga - 5% Z=
82% Ga - 18% In
Ga satd. with Tl
92% Ga - 8% Sn
82% Ga-12% Sn-6% Zn
38% Hg - 2w Bi
Hg satd. with Cu
95% Hg - 5% T1
20% Hg - 10% T1
80% Hg - 20% Tl
70% Hg - 30% T1
80% Hg-18% T1-2% Pb
98% Hg - 2% Pb
Hg satd. with Au
Hg satd. with Ag
Hg satd. with Ba
Hg satd. with Mn

.o a layered siructure. The

The




[ —

o . S ¢

N
a

o.
characteristic of a crystalline compound. The liquid metal alloys which did

and did not promote the rapid oxidation of magnesium are listed in Table II.

In no case did observable cracking or loss of cokerence cccur.

Figure 3. The typical 2ppearance of :n  nzsium samplcs after exposvure
to liquid mercury; ailoyz «* i:'_ » relative hurzidity for 24 Lours.




TABLE III

A Tabulation of the Liquid Metals and Alloys
Which Did and Did Not Cause Appreciable Oxidation
of Magnesium Samples

Tkuse Alloys Which Those Allovs Which Dicd .
Caused Rapid Oxidation Not Cause Rapid Oxidation s
of Magnesim'n of Maggesium _ i
Hg Ga
_ 95% Hg - 5% In 80% Ga - 20% In
*90% Hg - 10% In 82% Ga-12% Sn-6% Zn
= 80% Hg - 20% In 70% Ga-18% In-12% Sn
98% Hg - 2% Pb 92%h Ga - % Sa
98% Hz - 2% Zn 73% Hg-17% ™-10% Tl
95% g - L T1 51% Hg-41% In-5% T1
90% HBg - 10% T £ CGa satd. with Ag -
80% Hg - 20% T1 # 95% Ga - 5% Zun
S 70% Hg - 30% T1 # 92% Ga - 8% Sr
20% Hg-18% T1-2% Pb # Ga satd. with Tl [ 9

) 98% He - 2% Sn
95% Hg - 5% Cd -
95% Hg - 5% Ga :
0% Fig - 10% Ga
98% Hg - 2% Bi
Hg satd. with Cu
Hg satd. witk Ir
Hg satd. with Rh
Hg satd. with Ru
Hg satd. with Pt
Hg satd. with Pd
~<g satd. with Au
Hg satd. with Ag .
Hg satd. with Ba
Hg satd. with Mn
98% Hg - 2% Ga alloy
satd. with T}
55% Hg - 5% Ga allcy
satd. with T
# 98% Hg - 2% Ga alloy . g
s satd. with In ]
# 2% Hg - 5% Ga alloy ..
satd. with In
Ga

LD Voo Wit M Wi Wb Mie Hi M b Mk
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TABLE III (cont.)

Those Alloys Which Those Alloys Which Did
Caused Rapid Oxidation Not Cause Rapid Oxidation
cf Magnesium -t Magnesium

*# Ga satd. with Cu
*# Ga satd. with Ni
*# 9% Ga - 10% Cd

In these experiments the total amount of oxid2tier was much less
ther with pure mercury.

4t
]

§ - These exn~-ime.ts were carried out with 99.95% pure Mz All
the other xrperiuments were carried out witls 93.99% pure Mg.

b STAINLESS STEEL

. Samp!'ss oi 304 stainless steel were exposed to the 20 different
liquid m~tals 2ad alloys listed below. No deleterious effects were ob-

served. There was no obvious oxidation, cracking, or loss of ccherence.

Hg 98% Hg - 2% 2n
95% Hg - 5% TI 98% Hg - 2% Sn
80% Hg - 20% T1 Ga
70% Hg - 30% Ti 95% Hg - 5% Ga
5% g - 5% In 90% Hg - i0% Ga
= 905 Hg - 10% In 75% Hg - 25% Ga
80% Hg - 20% In 80% Ga - 20% In
70% Hg - 30% In 65% Ga - 35% In
95% Hg - 5% Cd 95% Ga -~ 5% Sn
8%% Hg-18% T1-2% Pb 25% Ga - 5% Zn
TN
o A number of the liquié «.cx ! ailevs with gallium as the major con-

stiteent ha- ihe effect of reduciag cohic.o22: in the tin sarapies. Many of




i9.

the samples broke readily along grain boundaries when a weak bending force
was applied with a pair of pliers. In no case was rapid cxidation of the
samples observed. The alloys studied and their efiect on coherence are

given in Table IV.

"k"

TABLE IV

A Tabulation of the Liguid Metals and Alloys Which Did
and Did Not Cause 2 Loss of Coherence

e

- Those Alloys Which Ttose Alloys in Which No
Caused . Loss of Coherence Loss of Coherernice . as Observed
— Ga ig
. 90% Hg - 10% Ga 95% Hg - 5% In
80% Ga - 20% In 90% Hg - 105, In
- 82% Ga-12% Sn-6% Zn 80% Hg - 20% In
0% Ga-18% In-12% Sn 98% Hg - 2% Pb
98% Hg - 2% Zn
98% Hg - 2% Sn
80% Hg-18% Ti-2% Pb
95% Hg - 5% T1
90% Hg - 10% T1
80% Hg - 20% T1
0% Hg - 30% T1
95% Hg - 5% Ga
98% Hg - 2% Bi
Hg satd. with Cu
Hg satd. with Pt
Hg satd. with Pd , -
Hg satd. with Au
Hg -~atd. with Ag
Hg satd. with Ra
Hg szid.-with Mn
g <3 with =
tig sard. with As . .
- -Ig satd. with Rh - s
Hg catd. with Mg
N Hg satd. w:ith Ru ) o

GGa satd. with Pb - M
G satd. with T} B

Wi




-V,
TABLE IV (cont.)
Those Allc,s Which Those Alloys :n Which No
Caused a Loss of Coherence Loss of Coherence was Obs .. ved

95% Ga - 5% Zn

95% Hg - 5% Ga
satd. with Tl

95% Hg - 5% Ga
satd. with in

$i% Ga - 8% Sn

51% Hg-41% In-8% T:

13% Hg-17% In-10% 11 -

A\

\.
(a¥

TITANIUM
Tiizn:unm: samples were exposed to 211 a2 the liquid metals and -
alloys used in this investigation. In no cese was there any evidence of oxi-
dation, cracking, or loss of coherence. Along with the EtOH-HCI etchant
uced with other metals, studies were also carriea cut in which the EtOH-HF
and Z2M 1:C1-0.ZM NaF etchants were used. The use of fluorides, known to
increase the activity of titanium, were without effect in increasing the rate
of oxidation or in promoting 2 loss of coherence.

ZINC

A serious loss in coherence, with rupture primarily along grain
brurdaries, was observed with all the liquid metals and alioys. The loss of
cohrrence appeared to be greater in the czse of those alioys in wh.cn gzllium -

was the maijor <canstituent than 1n these 2:53ys 1n which =o'y was the

major constituent. No apparent increase in oxication was obs2rved.




ZIRCONIUM

None of the liquid metals or alloys were effective in causing rapid

oxidatica of zirconium or resulted in 2ny obvious loss in coherence. Ex-

periments were carried out with both the standa: * EtOH-HCI etchant ard 1M

HF with similar results.

- nw

MISCELLANEOUS EXPERIMENTS WITH ANTIMONY, CADMIUM, AND
SILVEK

Small cylinders of cadmium and silver werc severely cold worked by

means of hammering and a cylinder of antiy. ony was prepared by machining.

A drop of pure gallium was placed on each cylind>~ and it remained in con-

tact with the metal for 70 hours. Solidification of the liquid alloy took place

on the antimony and silver samples. The cadmium sample was wezkened by

this exposure because it readily cracked when a small bending force was

appliec.

A similar experiment was carried out with the 70% Hg-30% Ga alloy.

Under these conditions all three metals suffered a 10ss of coherence and

cracked or broke when a small berding force was applied.

IRON

In order to investigate the possibility of cracking of

st=~1 by gallium and its alloys, the foliowing tesis were made. CuilsinGn,

cald-roiiad sieel was machined inte fia: 2iscs approxinatdy 1.8 am. in

diameter, 1 mm. thick and kaving arproximatcly 5 em.?Z :otal suriace area.

Each samnle was charged with hydiovga L. waaking it the cathode in a 1 N

hydrogen-charged

_——




H,50, sciution, with a current densivy of 40 mamp. /cm. 2 ict fifteen min-

utes. The anode was a2 coiled platinum wire. After charging, the samples
were rinsed in distilled water, dried, ana treated with a gallium alloy and
the EtOH-HCI etching agent. The experiment was carried out at room =
temperature (25-30°C) in the atmosphere (75-95% rciative humiwmtyj. Ihc
licuid alloys were allowed to remain in ccxtzct with the cteel discs for three
days. The samples were then examined for any cracking, pitting or oxi-
dation. The liquid metal alioys were easily remcved from the samples
leaving the surface ¢lear of any apparent rust. Close examination of the
samples at 200-300 X showed mirute pits. No cracking or severe damage
was observed. A very slight discoloration was observed on the stec;l -directo
1y under where the liquid metal had been placed. No wide-spread alloying
or penetration could be detecited. After visual inspecticn, the samples were
flexed several times by bending with pliers. In ro case did the samples
break any easier than the untreated samples, and it is assumed that no
sirnificant weakening of the steel wa< caused by the liquid metals.

Alloys and metals used in this experiment were as follows:

Ge

92% Cz - 3% Sn
82% G= - 158% In
70% Hg - 39% Ga




LOW TEMPERATURE STUDIES

In order to investigate the cracking of aluminum and magnesium
samples by mercury near the freezing point of mercury, a special reaction
vessel was constructed. The vessel censisted o wo pyrex tubes, 2pproxi-
mately 9/16" inside diameter, 6! long, each sezled flat on one end, ard
connected together with a 19/38 standard-taper joint. Thke vessel was
mounted in a vertical position, with the lowzr half immersed in the cooling
bath. The upper balf bad a short side arm tube p: ojecting at 3 45° angle.
Th= end of the -: "= arm tube was covered with a rubber diaphra;m containing
a small pin hole. This diaphragm servec as an zir-tight opening througl
which a finely-drawn eye dropper was inserted when admitting the etching
solution aad liquid metal alloy. At the extreme upper end of the vessel a
drying o -eai {Drierite) was packed and held in place by cotton wadding.

The metal samples were machined in the shape of 1/2* diameter
cylinders., 3/4" long. A hole was drilled in the end of each cylinder to
accommeodate a thermometer bulb. FEefore each test was run, the vessel was
filled wit' ~rgon gas and sealed to keep oxidation at 2 minimum.

The cooling liquid was chosen according to its freezing point. Since
tl.- Ireezing point of mercury is -38.87 {.., it wac desir: i to have a cooling
t=th which would maintain a temperature in this region. Ethylenedichloride
(M.P. = 35.3%°C.) was first chosen, but *~ter it was *>und that pyridine
{¥ P. = 4l1.5°C.) was more satisfactorr. The psridine was frozer with dry

ice and ac=tone, broken ug, 2ud transtexzea into a Dowar flask 2s a slush.




<z,

The reaction vessel was lowerzd into the cooling bath, and the tempersture
of the sample soon achieved a constanc value of approximately -38°.

In general, the samples were unstressed except by tke amount in-
duced by machining. Several samples, howevar, were pre-stressed witha
hydraulic press. These samples appeared to be attacked the greatesi amount.

The attack by pur~ mercury on stressed aluminam iadicated deep
- penstration, especiallv at grain boundaries. Some cracking took place 2t

.rain boundaries, but to a much lesser degree than in the attaclz by pure
g21llium at roo:= .emperature. The attack by pure mercury oa :nagnesium
was indeterminate; very little surface alloying took place, bu: thiz was
. probably due to the short period of time that the reaction was allowed to
proceed. ;The cooling bath held the temperature at -38°C. fos about 6 or 3

hours ¢ ly.} The only unparent reaction was the small amount of oxid: .on

tby

by air leakage. In general, the amalgamation processes were much slower

than at room temperature. Even the initial oxidation process was slower

when the cold samples were exposed to air. Mercury alloys seemed to be

ne more ““fective in cracking Al or Mg than the pure metals.
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DISCUSSIONM

In this survey of the acceleratcd corrosion of various metals by
liquid metals and metallic salts, two outstanding exampies have been noted:
1) the rapid oxidation of aluminum and r:agnes:um in the presence of m=--
cury and its alloys, and 2) the cracking and loss i internal cohezion of ~ucl.
metals as aluminum, zinc, silver, cadmium, lead and tin in the presence of
gallium and its alloys. Metals having an exception2liy protective cxide film
had very high resistance to attack by the iic iid metals. Such were the cases
with titanium, 7:iccz:uy-2, and stainlecs steel. The use of fluoride et~hing
agents - materials which are known to destroy passivity in some metals -
did not render these metals susceptible to attack by liquid alloys. Copper
was wet by rmany of the liquid alloys but nc 2pparent catastrcphic deterioration
of the ctal occurred.

Mercury alloys of platinum, palladium, gold, silver, ruthenium,
iridium, and rhodium were no more effective than pure mercury in the
attack on aluminum or magnesium. The most effective liquid metal alloy in
ihe attaci. on aluminum was the 80% Hg-20% T1 alloy; the most effective
1i5»id metal alloy in the attack on magnesium was the 95% Hg-5% In alloy.

The cracking of aluminum by gailium and its alioys has bean studied
2t joon: tereperature. This temperaturs is near the fioz: .z point of galiium.
It is thougnt thai penetratiuz of the simpics by zallium might £= followed by

% iocal soliaification of an alloy in very s, ;i crevices. Possibly. this

dree wme i
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freezing would lead to stresses great enough to promote cracking or loss< of
coherence. Experiments at low temperatures near the freezing point of
mercury have given some indication that this r:ay be so since the aluminum
samples appeared to show a loss in coherence wh: 1 expesed to mercury at
temperatures first above the melting point.

Pre-stressed samples are known to be highly =zmbrittled by }'quid
metal attack. For example, when pre-stressed silver was exposed to the
70% Hg-30% Ga alloy, the sample broke apart easily when a bernding force

wa< applied. N- mally, silver is highly ductile.




PART B

nCatalytic Acceleration of the Corrosicn of Aluminum,
. Irorn, and Copper in Aqueous Solution at Room Temperature"

. By

David A. Jackson, Jr., and Henry Leidheiser, Jr.



ABSTRACT

The corrosion of iron in mineral and fruit acids at room temperat..re
is greatly accelerated in the presence o Group VIi metals present originally
in the solution in the ionic state. The average relative effectiveness decreased
in the order: platinum, rhodium, palladium, iridium, ruthenium, ssmium.
cobalt, and nickel. The maximum corrosic: rates in iN and 217 solutioas
were 100-180 mg. / cm.Z/hour. These rates appeaxed to be limited by diffusion
of the reactants to or the products away from che surface. Very vapid corro-
sion of iron was obtained in 2N acids containing 10”4M PtCl; and 0.5M Nal.
Severe pitting and perforation of a 1/4* thick sample as well as dislodgement
of fragments from the sample were observed. A series of experiments carried
out as a function of pH indicated that iron begins to corrode at an appreciable
rate below pH 5.

Very rapid corrosion of aluminum and a number of alloys at room
temperature was obtained in mineral acids containing ions of the platinum
metals, mevrcury, or combinations of two metals. Rates as high as 200 mg./
cm.2/hour were cbtained in 2N HCl. Pure aluminum corroded at a rate in
excess of 1 mg./cm.2/hr. in water and 2N NaCl containing 10~3M Hg(Ii) plus
InlITX".

The platinum metals were not effei rive in increzas:ng tae corrosion
rate of copper in 2N HCI or H50; at roor temparature. PFalladium, platinum,
ard rhodivm, originally present as ions, s <—: ef’2ctive in inhibiting th- corro-

sion of copper in 2ZM HNO3 <i room temperature.




INTRODUCTION

Previous studies indicated that the platinum metals are very effective
in increasing the rate of corrosion of m:tals in various acids at the boiling
point (1,2). The motivation for the experiments summarized herein was to

make a survey of the effect of the Group VIII metals on the corrosion of iron,

aluminum, and copper in order to choose a2 system for quantitative study as

-well as to assist in asking significant questions. As the work progressed, it

was decided to investigate also the effect of mercury and indium: an the
corrosion of aluminum and its alioys.

Quantitative and sophisticated experiments were not carried cut as
originaiiy pianned because the decision was made to place major emphasis

on & quantitative study of the oxidation of aluminum in contact with mercuric

iodide in an atmosphere of moist 2ir. These experiments are summarized in

Part D of this report.

~




EXPERIMENTAL

Metals Used

Iren. Rods, 0.5" in diameter, oi Fevrovae E ivon were obtained

from the Crucibie Steel Cumpany and had the following percentage analysis: :
i C Mn P S Si Ni
— 0.007 0.002 9.002 0.007 0.006 0.02
Cr V- W Mo Cu Al -
0.01 0.008 0.02 0.02 0.006 0.010
Co N Oz By -
0.006 0.00043 $.0057 0. 000050
" LY
Alvminum. Five standard types of aluminum alloys and two mgh
purity al'miruia samples were obtained from the Reynolds Metals Company
and had the following percentage analysis:
I Alloy Others
Designation Si Fe Cu Mn Mg Cr Zn Ti Each Total Al
EC Hill --- T --- ---99.45
min.
2014 .8 --- 4.5 8 .3 —,e eme -- --- ---rTemain-
der ¥ e
— REL Q.5 ——— eee --= .5 R L T T e ’
545¢ L1 .26 .12 .78 235 i .¢7 .83 .05 .i5 v
max. max.
63i0j 53 cme ame cee B eea ame ame mmem amn o ®
—~a 7072-T6 -—- -—- & .2 3.3 1z 4.5 -- R -
— R-5-0's .6003 --- .0001 --- O --- --- ©9.9956 -




Copper. Sampies, 99.999% pure, wes obtained from the Americar

Smelting and Refining Compaay in the form of Tods, 3/8" in diameter. Cor-
rosion samples, 1/4'" in length, were machined from the rods.
Procadure

The iron samples were machined in the form of flat cylinders approxi-
mately 0.50" diameter and 0.25" in length. Degreasi:ng with ethyi ether was
followed by slightly etching the samples in beiling diluie HCI or H3S0,,
rinsing in distilled water, and drying under a heat lamp.

The alurr § ;um 2lloys were received in the form of 0.25" ::at sheets

-

several inches long, cast pigs, or cast rods 0. 625' diameter. Tamaples, s
0.50" in diameter, were punched out with an hydraulic punch and we from .
the flat sheei.s. These punched samples were distorted so that further
machinin was necessary to obtain a uniform sample size of approximately
0.47" diameter and 0.25" in length. Samples cut from the cast pigs or cast
rods were somewhat larger (0.50" in diameter and 0. 25" in iength).

Each sample was lightly etched, washed, and dried just prior to the

R individual .periment. The samples were placed in flasks containing the
various salt-acid solutions, allowed to remain for the desired length of time .
winout stirring at room temperature, a..o finally =~move-’, rinsed in
dis>tilled water, dried, and weighed te detzrmine the loss due to corrosion.
Suriace area measurements were made v- th the help ~” a micreineter, and

the values for the corrosion rates as we'shi-loss per square centimeter S

were calzuiated. It should be noted ihat :iv tany cases the alurninum samples




underwent a great decrease in size. The corrosion rates were calculated on

the basis of no change in surface area, hcwever. Thus the calculated cor-

rosion rates were somewhat less than if the change in surface area had been

taken into account.




RESULTS WITH IRON

Corrosion in HCl. The results obtained in 1M HCi over a perioa of

24 hours in the presence of 10-4M Group VIII chli-~ide are summarized in

Figure 1. Similar experiments in the presence of 1073Mm Group VIII chioride ‘ =

are summarized in Figure 2.
e ‘The results obtained in 2M HC1 containing 1073 Group VI chlorice
over a period of 60 minutes are summarized in Figures 3 and 4. Since the
vertical scale iz - o Jifferent in the {wo figures, data for ruther.im are given
in both figures in order to relate the two figures batier.

It will be noted that platinum was the most effective in all .nstances
in causing .ury rapid corrosion; rhodium, palladium, and ruthenium were
interme ‘iate 1ir effectiveness; and iridium, osmium, rnickel, and cobait were
ineffective. Additions of platinum to the acid caused the corrosion rate of
iron to increase by almost three orders of magnitude.

Corrosion in HSO4. The results obtained in 0. 5M HpSO4 over a

period ¢f 4 hours are given in Figure 5 for 10-4M added Group VIII chloride
2nd in Figure 6 for 10-3M Group VIII chloride. It wili be noted that platinum 4 -
w~z *he most effective in incroasing th  rate in this medhun also, and nickel

oo~ cobalt were relatively ineifective.

P -

Mixtures of Group Vil Chlarides it wa2s nex: of interast to duier-

rrine if mixtures of two of tiic Gioup ViU chlorices were any more eiffective

WD

than singie additions of a Greap VII cincride. The Jirst experirnenis were

i

k]
carried out with 107335 platiram chloride yius 187°M of .. second Group VII
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Figure 2. The corrosion of iron in 1M HCI in the
presence of 10-3M Group VIII chloride.
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Figure 3. The corrosicn of iron in 2M HCI in the ogdl
presence of 18-3M Group VII chloride.
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chloride in IM HCl. Since the rates in the presence of platinum were so
great, it was necessary to limit the experiments to one hour. The resuits
of these experiments are summarized in Table I. Experiments with other

mixtures are summarized in Tables J1 - V.

TABLE I

The Corrosion of Iron in 1M HC] at Room Temperature in ih:
Presence of 10-3M Each of Two Group VIII Chlorides.

Mixture of 10-3M of each Weight loss in 1 hour in mg. /cm.2

Pt and Co 177

Pt and Ni 179

Pt and Ru 177

Pt and Rh 165

Pt and Pd 116

Pt and Os 173

Pt and Ir 177

Pt alone i36
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TABLE I

The Corrosion of Iren in 1M HCI1 at Room Temperature in the
Presence of 10-%M Each of Two Group VII Chlorides.

Mixture of 10~4M of each Weight loss in | hour in mg. /cm. 2
i Pt and Co 96
' Pt and Ni 96 N
Pt and Ru 99
N ! Pt and Rh 94
Pt and Pd 100
' Pt ang Qs 7e
. Pt and Ir 89 -
: Pt aione 95
N TABLE I
The Corrosion of Iror in 0. 5M Hp5C, at Room Temperature in
the Presence of 10°3M Each of Two Group VII
Chlorides.
Mixture of 10-3M of each Wesght loss in 1 hour in mg. /cm. 2
i P{ and Co 109 .
g Pt and Ni 99 ‘
- Pt and Ru 3¢
) Ptand Rk 73
Pt and Pé 8z - f
Pt and Os 83
Pt and Ir g2
Pt alone 104

au
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TABLE IV

The Corrosion of Iron in 0.5M H3S04 at Reom Temperature in
the Presence of 10-¥M Each of Two Group VIII Chlorides..

i
Mixture of 10-4M of each Weight loss in i hour in mg. Jem, 2
; Pt and Co .55 7
i Pt and Ni 110 s
Pt and Ru 43
- ‘ Pt and Rh 44
' Pt and Pd 54
Pt and O« 85
Pt and Ir 116 e
Q
Pt alone 106
TABLE V

The Corrosion of Iron in 2ZM HC! at Room Temperature in the
Presence of 14733 Each of Twe Group VIII Chlorides.

Mixture of 10-3M of each Weight loss in 1 hour in mg. /cm.2
, Mixture Second metal alone
l Ru and Co 10 0.5
o } Ru and Ni 10 0.1
B g
3 Ru a2nd Rh 186 189 '
Ru and Pd 128 22
Ru and Os lc T3
- ~ Ao
- Ru and Ir 30 0.5
. Re aad Pt A 310 -
| Ru alone -—- 10
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it was recognized as these experiments were proceeding that rates
obtained in the presence of platinum were probably the maximum that could
be obtained under the conditions used. It thus tecame apparen? t2zi it any
syner g.stic effect was to be found, it should te scught in systems in which
neitner of the two species were very active when used singly. Experiments
were thus carried out in 2M HC1 with mixtures of csmium and ccbalt
(Tigure 7}, of osmium and nickel (Figure 3}, and of iridium with osmium.

cokalt, and nickel (Figure 9). it will be noted that in all cases thz rate of

corrosion in thc sresence of the two metals was greater than th= sum of their

effects singly. Additional experiments must be carsied out tc confirm this

observation zad to determine why this is true.
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Figure 8. The corrosion of iron in 2M HC] in the
presence of 10-3M Group VII chloride.
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Figure 9. The corrosion of iron in 2M HCI in the presence
of 10-3M Group VIlI chlorides.
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Corrosion in the Presence of Platinum Ckloride and an Inert Sait. The

rate of corrosion of iron was determined in 2M HCl contzining approximately

a 2M concentration of an inert s2lt and 1073M platinum chloride. The results

of this study are given in Table VI

TABLE VI

Salt to a Concentration of Appreximately 2M

Effect of the Addition of an Inert
3 £:atinum Chloride

on the Corrosion of Iron in 2M HCIl Containing 10°

Weig}. loss in mg. Jexa. z

Added Salt 3 hours

Blank (10-3M Pt) 449

LiF

=il

Nar®
Al>(SO4i3 519

% . Corrcsion in this case w-s by pitting and by dislodgament of fragments

which fell to bottom .. flask.
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Corrosion in & .5 Ceontaining Both an Activator and an Inhibito-.
£ -

Previous experiments have shown that platinum is a very effective activator
for the corrosion of iron in both mineral and fruit acids (1). It is also well
xnown that certain materialz - -e very effective: i:. inhibiting the corrosinn of
iron in manv cases by the f. - ation of a prciective film on the surface. The
purpose of these experiments was to determine if « combination of an activat-
ing agent, such as platinum, and a film-forming subs:z2nce, such as SnClz,
might have the net effect of concentrating the attack at a few loustions with
ccasequent dee; Litring or perforation of the sample. Results cotained in
2N HC1, 2N Hp504. 2N citric acid, and 2N formic acid contaiaing -4 , B~
PtCly4 in the presence of 0.5M and 0. 1M additions of potassium dichromate,
sodium iodu.€, iead chloride, tin chloride, and sodium phosphate are
summa izea iv Tables VII and VII.

It will be noted from Table VII that the most effective combination of -
activator and inhibitor, insofar as perforation is concerned, is platinum
plus Nal. In fact, in HCI the iron sample was completely perforated in 6
places. “Tlien the sample was held up to the light, the perforation was
readily observed. Further studies should be carried out using SnCl, as an
1nain.ior ot 2 series of concentraticns celow 0.1 This concentration is
apzarently too high and almest complete protaction was obtained in 2l four —
acids, It also appears desirable tu carr, out additio- :1 experimenis using J

otter alkali metal halides in place oz N: 1.




_Acid

2N KC1

2N citric

ZN formic

TABLE VI

The Corrosion of Ferrovac Iron in Acids in the
Presence of 10-4M PtCl4 and Various Inhibitors at Rcom
Temperature in 24 -Hour Period

Added

0.5M K2Cr,04

0.5M Nal

0.5 FbCly
0.5M SnCl,

0.5M Na3PO,

.5M K2Cr204
0.5M Nal
0.5M PbCl,
0.5M SnCl,
0.5M Na3PO,
0.5M K,Crp0;

0.5M Nal

- 0.5M PhCl,

.5M SaClz
0.5M Na3POC4
0.5M K,Cr304

0.5M Nal

Welght r.0ss

in mg. /cm. 2
197 mg.

990

Remarks
general corrosion with
even Dpitting

severe corrosion with complete
perforaticn i zamplein $place-

some pitting, aot severe
severai smaii -its

general corrcsion with large,
shallow pits

uneven corrosion, general pitting
uneven corrosion, 12 deep pits
deep pitting in center

no pitting

even corrosion with 12 pits

no corrosion or pitting

rough surface, 8 pits

7o cerrosion or pitting

Tu LOrTeridn OY pitting

about 12 smals pits

no corrocion or piiting

rough - riace, 15 pits




TASLE VI {(cont.)

Acid Added
Inhibitor

2N formic 3.5M PbCl,
0.5M SnCl,

0.5M Na,POy

Weight Loss Remarks

in mg. /cm. 2

35 b deposited out
nil a0 corrosion or patting

no pitting




2N HCl

2N citric

TABLE VilI

The Corrosion of Ferrovac Iron in Acids in the
Presence of 10-%M PtCl4 and Various Inhibitors at Room
Temperature in 24-Hour Fericd

Added Weight _oss
in mg. /cm.

Inhibitor

0. 1M KpCrp0; 475
0.1M Nal 350

0. 13 PbCl,
0. 1M 5nCl;

. 1M Na3PO,
blank
0. 1M KZCrZO-,

0. 1M Nai

0. 1M PbCl,

G. 1M SnClp

0. 1M Na3POy

blank

0.1M K04
G. IM N2l

0. 1M PbCl;

Remarks
gensral corrosion, even
pitting

rougn surface, uneven
pitting

small, scattc ed pits
2 tew smzil pids

3

general corros.on, large
pits

eneral corrosion, large
4
pits

general corrosion, fine
pits

uneven pitting
uneven pitting
no pitting

general corrosicn,

mediurr -size pits

general cerrosion, large
ang mned Iii--Size Dits

fine pits
medium pits

NO CATYrOsion




2N formic

TABLE VI (cont.)

Added
Inhibitor

0. 1M SnCl,

0. 1M Na3PO,
blank

0. 1M K2Cr20-
0. 1M Nail
0.1 PbCl,

0. 1M SaClp
0.1M Na3PO,4

lank

Weight Loss
in mg /cm. 2

nil

81

99

89

71

0.5

nil

53

Remarks

no corrosion
fine pits

fine pits

fine pits

20 medium pits
no pitting

[0 COXTOSion
very fine pits

medium pits
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Corrosion in Organic Acids. Results are summarized in Table I'{

for experiments carried out for 3 hours in 2N acids containing 10-3M added
Group VII metal. Table X summarizes similar experiments ior an immersion
time of 24 hours and includes results for distilled water and 2N sodium c*’~ride
solution.

Rapid rates of corrosion were obtained in mealic, formic, citric, 2nd
acetic acids and a low rate of corrosion was obtained in nvalic acid. The

latter result is presumably attributable to the low solubility ot ierious oxalate.

TABLE IX

The Effect of 10-3M Group VIII Metal Ions on the Corrosion of Iron n
2N Organic Acids

Total immer.ion dme: 3 hours Corrosion rates listed in mg. Fe/cm. 2/hr.

Metal Jua Malic Fermic Oxalic Citric Acetic
Blank 0.066 0.15 neg. 0.026 0.053
Co 0.033 0.14 neg. 6.79 0.04
Ir 1.8 1.6 neg. 1.5 1.4

N3 0.039 0.18 neg. 0.079 0.079

LURS 0.50 G. 60 neg. 0.32 0.29
D4 4.3 3.9 neg. 3.8 1.2
RL 31 2.8 neg. 13 6.3
R 0.28 3.:5 neg. 0.27 .51
Pt 21 30 .19 HL i.5

[
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In general, it will be noted that platinum, rhodium, and palladium were most

effective, iridium, osmium, and ruthenium were of intermediate effective-
ness, and nickel and cobalt were relatively inafiective. These results agree
in a qualitati e way with those obtaired previously 2t the boiling poiut in

0.2M citric acid (1).

TABLE X

The Effect of 10‘3M Group VHT Metal Ions »n the Corrosion of fron in
2N T -ganic Acids, Distilled HO and 2N NaCl

Total immersion time: 24 hours Courrosion rates listed in mg. F2/cm.2/hr.

Distilled Sodium

Metal Jon Malic Formic Oxalic Citric Acetic Water Chloride

Bilank 0.045 0.11 neg. 0.04C 0.1i2 neg. neg.
Co £.053  0.10 neg. 0.032 0.032 0.006 0.001
Ir 2.2 1.8 neg. 1.6 1.9 0.017 0.014
Ni 0.042 0.35 neg. 0.052 0.07/ 0.010 0.010
Os 0.56 0.60 neg. 0.66 2.5 0.046 0.042
Pd 2.8 2.2 0.057 2.4 1.8 0.047 0.017
Rh 20 1.7 0.048 5.5 2.0 0.050 0.921
Ru 1.7 0.40 0.079 1.7 1.1 0.039 0. 927
Pt 5.1 12 0.090 4.6 3.9 c.12 0. 045

The fastest corrosion rate (31.4 mg./ cm_?'lhr_) was obtained in
=alic acid containing 1073M rhodiura. The second fastest corrosiocn rate
(3.9 mg./ cm.2/hr.) was obtained in formic ac.d ceataining 1073M platinum.

The grezt accelerzticn of thz cor-9sion sf alusinur: by mercury
s .ggested that it might be aavisable 10 4<iermine if the presence of both a
platinum metal and mercury n sciuiior =.»uld accelirate the corrosion of

iron over and above thiat obtained ir the 11 2sence of ths ; !atinum metal alone.




A series of experiments to test this possibility is summarized in Table Al.
The presence of mercury decreased the effectiveness of piatinum in maiic,

formic, citric, and acetic acids, 2s might be 2xpected since mercury is a
well -known poison for the hydrogen evolution reactior. In malic acid, he - -

Cors -

ever, the effect of platinum plus mercury was slightly greater tha= the ¥

of platinum alone.

TABLE X1

The Effect of 10-3 Pt*4 Jon and/or 1073M . g*2 Ton on the Corrosion
of Iron in 2N Organic Acids

Corrosion rates listed in mg. Fefcm 2/hr.

Total immersion time: 3 hours
L 3
Metai ion Malic Formic Oxalic Citric A etic
Blank 0.066 0.15 neg. 0.026 0.053
Pt 21 30 C. i3 16 7.5
Hg neg. neg. neg. neg. neg.
Pt + Hg 25 9.0 0.19 11 5.2

The Corrosion of Iron in the pH Range of 4-10. A series of experi-

ments was carried out to determine the effect of pH on the corrosion of iron.

in

to reproduce these results as a pr<liminary to experiments of another type.

'I

viig {3} has 2lready made experiments of this e, but it appeared advisable
2 ¥ PP

Ir = 25 felt that future experiments might be car:iied out in an effo:t to find an

* ~moderate pH's.

agent which was active in promoting ihe _orrosios <f irow ¢

Specifically, it was concidered poscsible that ai: agent might be found that

= b weidr in the same way that mercury

e P wda

wculd premote the dissolution of ire

salts promote the corrosicu of zluminuma by water.
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Measurements were carried out on cylindrical iron samples, 7.3 cm. 2
in surface area, and polished in the comumercial chemical polishing reagent,
Mirrofe. The samples wer: exposed tc 100 ml. of a quiescent solution for
72 hours in a water bath thermostated a2t .0°. A pH range of 4-6 was obta:..ad
with mixtures of KHCgH,0, and NaOH; 2 range of 6-8 was obtaine2 xih
mixtures of KHpPO4 and N2OH ir one case 2nd mixiures of CHiaCOOH and
CH3COONa in another case; and a range of 8-10 was ubteined with mixtures
of H3BO3 and NaOH.

The losses in weight of the samples are summarized in Figure 10.
Active corrosion oi the samples began at pH 6 and increased in amount with
decrease in pH. Active rusting began at pH 7. 8 with the formation of a
reddish-brown coating. Above pH 8.45 the rust had both a brown and green
appearauce. In the intermediate range of pH 6-8.4 the samples retained their

bright appearance particularly in the zase of the solutions buffered with phos-

phate.




The corrosion of iron in water at pH's of 4-10.

Figure 106.

703—

- Buffered with KHCgH404-NaOH

60—
Buffered with KHZP(’4-NaOH

- Buffered with CH3COOH-CH3COONa
-~ Buffered with H3BO3-NaOnl

@ > X O

Weight loss in my, /7.5 em, 2 per 72-hour period




RESULTS WITH ALUMINUM

Five standard aluminum alloys and two samples of pure aluminum

were exposed to 2N HCl, HNO3, and H,50, centaining io™3

M mercury,
indium, rhodium, or thallium ions ard various mixtures of these. The pur-

pose of these experiments was twofold: (1) to determine if other ions were

as effective 2s mercury in accelerating the ccrrosion of aluminum and (2)
to determine if mixtures yielded any synergistic acnon.

The resultz obtained with HC1 are summarized in Tables XII and XIII;
the results obtained with HSO, are summarized in T2bl. XIV: and the re-
sults obtained with HNO3 are summarized in Table XV.

Resuilts in 2N HC1. In 2all but two cases the corrosion rate was greater

in the presence of mercury or rhodium ions than the blank rate. The largest
increase in rate was observed in the case of 99.999% pure aluminum. Ad-
ditions of small amounts of indium or thallium jons resulted in corrosion
inhibition, except in the case of type 7079-T6 z2lloy in the presence of indium.

Svnergistic action was observed in four instances as denoted by the
astesrisks. Only in the case of the 99.999% pure aluminum was the effect
grea* enough to be certain that it was outside the ability to reproduce ex-
i1 ental results.

A sumwmarv of all the experiments‘-:avvied out on peil aluminum in
2N HZl are summarized in Tabie XIii. It will b2 aoted thar the most effective
singic add’-ion was ruthenium. Tais is iz - reement with cxperimento?! re-
sults published greviously on tte corrosion of pure alum: -:m in boiling 2N

HC: (1}

a
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TABLE Xi1

The Effect of Various Metal Ions (10'3 M) on the Corrosion of Aluminum )
Alloys in 2N HC1
Total immersion time: 1.5 hours Corrosion rates listed in mg. Al/cm.2/min.
Alloy Blank Hg In Hg&In Rh Rh&Hg Rh&I: Tl Tl&Hg
E.C.Hill 0.29 3.0 0.001 1.2 1.7 2.1 1.7 0.0%2 2.003 -
7079-T6 2.9 3.2 3.9 2.8 4.0 3.6 3.5 1.3 1.5
5456 3.4 3.5 2.2 2.4 3.0 3.6 3.3 1.5 2.3
360 .3 1.1 0.19 0.16 2.5 2.5 2.5 0.25 0.025
6101 0.28 1.4 0.002 1.0 1.5 2.0 1.8% o0.011 o0.022
2014 2.4 4.7 0.12 0.41 3.3 3.4 3.4 0.21 0.54
R-5-9's  0.001 0.36 neg. 3.4° 1.2 3.3% 1.3  neg 0.36*
-




TABLE XH1

The Effect of Various Metal Ions (10'3M) on the Corrosion
of R-5-9's Aluminum in 2N HCI

Total immersion time: ).5 hours Corrosion rateslistedinmg. Al/cm.*“/min.

Metal Ion Corrosion Rate
Blank 0.001

Pt 0.41

Pd 0.30

Os 0.10

ir 0.020

Fa 0.0091

Co 0. 00!

Ni 0.004 H

Ru 3.3

Rh 1.2

Cu 0.26

Hg 0.30

In neg.

T neg.
Ru&kRh 3.3
RukHg 1.2
Rukin 3.2
Rh&In 1.3
Cu&Ru 3.4
Cu&Rh 1. 6%
Cu&Hg 1.1%
CuidIn 0. 086
Hokin 3.4%
Hg&RE 3.3% ’

0.36%

Hg&Tl
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TABLE X1V

The Effect of Various Metal Ions (10'3M) on the Corrosion of Aluminum
Alloys in 2N HpS0,4

Total immersion time: 1.5 hours Corrosion rai.. iisted in mg. Al/cm. 2 /min.

Alloy Blank g In Hg&In Rh Rh&Hg Rbh&in
E.C.Hill neg. 0.37 neg. 0.37 €.C29 0.00% neg.
7079-T6 neg. 0.23 neg. ¢ 10 neg. ceg. neg.
5456 neg. 0.61 neg. 2.1 0.14 0.012 G.005
360 neg. 0.039 0.001 0.051 0.0 0.001 0.002
6101 neg. 0.34 neg. 0.71 # 9,040 0.004 neg.
2014 neg. 0.11 9.001 o0.C"8 0,002 0.G01 0.002
R-5-9's ne:, n.23 neg. 2.0% 0.031 0.00: neg.

TABLE XV

The Effect of Various Metal Jons (10°3M) on the Corrosion of Aluminum
Alloys in 2N HNOj3

Total immersion time: 1.5 hours Corrosion rates listed in mg. Al / cm.2/min.

Alloy Blank Hg In Hg&ln Ra Rh&Hg Rh&in
E.C.Hil neg. 2.8 0.001 1.2 0.001 0.002 0.002
7673-T6 neg. €.096 0.001 0.13 neg. 0.002 0.002
5450 neg. 0.045 0.003 €.20% 0.602 0.003 0.003
360 neg. 0.076 0.063 .10 «. 5%z G6.082 0,003
Al0 neg. 3.0 0.00i 1.0 neg. £.002 0.002
2013 neg. 0.029 0.004 0.055 0.002 ©.903 G.003
R-5-7s neg. 0.99 neg. .30 0.50) &.902  0.002

~

4




Results in 2N H>504. In general, the aluminum alloys were much

less susceptible to corrosion in H,;504 than in HCI. Additions of mercury

or rhodium ions increased the rate of corrosion of all ailoys. The largest

increase in corrosion in u system contain:~g only a sirgle additive was ob- <
served with the 5456 alloy in the presence of mercury ions. Indivm ione

alone appeared ineffective. Three cases of synergistic action wzre noted,

all with mixtures of mercury and indium ions. The grcaizat synergistic

action took place with the high purity aluminur where there was a 10-fold

increase over the —dded rates in the presence of meicu.y and indium ions

'S alone.

Resuits in ZN HNO3. Tke purer aluminum samples (R-5-9's, E. C.

Hili, and iype 6101) were particularly susceptibie to aitack in HNOj in the
presence of mercury ions. However, indium or rhodium ions, indium pius
rhodium ions, and rhodium plus mercury ions were less effective in HNO3
than in HC1 or HpSO4 for all alloys. Synergistic action, as noted by the
asterisks in Table X[V, was observed in two cases.

Resuits in distilled water and 2N NaCi. A few experiments, summea-

Tiz<~ in Tables XVI ané XVII, were carried out in distilied water and 2N

NaCl in the presence of mercury and indium ions. Tke torrosion rates were

'
[k

vesy iow compared to the rates in the mineral acids tat thev ~=re stili ap-

!,

e preciable. ¥or example, th: R~5-9's alumicum <x:hibited a corrosion rate
of 0.020 mg. /cm.2/min. in the presence or ¢ -3M each of m.ercury and in-

T dium. This rate is equivaleui .0 2 weight loss of 25 mg /cm.2 dering a 24-

hour period




TABLE XVI

The Effect of 10-3M Hg*Z Ion and/or i0~3M In*3 Ion on the Corrosion of

Aluminum Alloys in 2ZM Nall

Total immersion time: 24 Lkours Corrosion rate. iisted in mg. Al/cm.%/min.

Alloy Blank Hg In Hgtar
E. C. Hill neg. 0.017 neg. 0.005
7079-T6 neg. neg. ncg. 0.001
5456 neg. 0.03% neg. 0.003
360 neg. neg. neg. 9.301
6101 neg. 0.019 neg. 0.005
2014 weg. reg. Lig. 0.701
R-5-9's neg. neg. neg. aeg

TABLE XVIi

The Effect of 1073M Hgt2 Ion and/or 10-3M I*3 Ior on the Corrosica of
Al’uminum Alloys in Distilled Water

Total immersion time: 24 hours Corrosion rates listed in mg. Al/cm.2/min.

Alloy Blank Hg In Hgkin
E C. Hill neg. 0.009 neg. 0.006
872 -TS neg. 0.012 neg. 0.005
5°C5 neg. 0.G0o3 neg. 0.008
3s% neg. neg. neg. <£0.00.
10, neg. 0. 022 neg. G.019
zZ2!14 neg. neg. eg. 2.001
R-%-9's neg. 9.0138 ne-. 0. 020
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in 2N HCL

The Effect of Temperaturée on the Corrosion of Aluminurn

in the presence of Mercury and/or Rhodium. These measurements were

carried out on cylinders of 99_999% aluminum each expesing 5.6 cm.?

Constant temperature was maintained by ineans ot & thermostated water

bath. Mercury and rhodium chlorides were added to 3 concentrativs of

10-3M ecach. The amount of corrosion was determined by weight loss

measurements.

Measurements made in ZN HCl contai. ng 1073M Hg(LG} are surmma-

rized iz Tabie XVIi. Measurements made in 2N H<1l containing 1073M

Rh(III) are summarized in Table XIX. Measurements made in 2N HCl] con-

taining both 1073M Hg{Il) and 10-3M Rh (fi) are summarized in Table V.

TABLE XViii

The Corrosion of 99.999% Aluminum in 2N HCI Containing
10-3M HgCl, (All Values in mg. fem. 2)

Temperature in °C.

Time in

= —— ——— —— ——— ———— 1.5 8.1 10.3
10 - e 1.9 6.8 3.9 .5 3.3 22.1
is 11.8 — 13,9 4.1 4.4 15.9 24.3 35.7



minutes

10°

20°

93

102

131

143

TABLE XIX

Tempriaiuie in

30°

107

40°

103

0°

[

111

The Corrosion of 99.999% Aluminum in 2N HCi Centaining
16-3M RhCl3 (All Values in mg. jcm. )

70°

926

123

1206

1

1390

i35

118

110

802

Time in

minutes

5

10

15

“‘\:

39

108

8t

20°
51
84

11

TABLE XX

Temperature in *C.

The Corrosion of 99.999% Aluminum in 2N HC1 Containing
10-3M HgCl, and 10-3M RbCiy {All Values in mg. /cm.?2)

30* 40° 50° 60° 70° 890°

63 55 75 101 70 11¢
100 88 130 114 168 125
182 108 125 142 154 130

The Effect of Stress on the Rate of Corrosicn of Aluminum in 2N HC!

in ... Presence of Rbodium and/or Merc.<s.

alcminum in hydrochloric acid in the presence of rhodium and in the sresence
~ i .. . A . .
of rhedium and mercury were s» high that -~ 2ppeared o--ubtinl that the intro-

duciiin of siress into the sampies voulic rave any appreciabie effect on the

csrrousion Tate.

The rates -‘ corrosicn of

It appearec xdvisable none.relecs ta tz3t this pussibility.
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Samples of 99.999% zluminum were cut from rods in the form of
cylinders, 1/2" in diameter and semewhat greater than 1/4" in length. The
length was so chosen that a controlled Gegree of stress would be introduced
into the sample when it was compressed :-. 1/4" in length. After machining
to shape, the samples were lightly etched in HC] and were then tazicd ai
600°C. for 24 hours in order to remove stresses previousiy introduced in

the fabrication process. The samples were next comgpressed in a punch

and die 2ssembly so that they were reduced ir siz= 2.8, 4.7, 5.5, 9.0, 10.7,
13.0, 16.6, and zT.0%. Weight loss measurements were made at 10, 20, 30,
40, 60, and 80° in 2N HCI containing the additive. The results obtaianed in
the presence of 10~3M rhodium are given in Table XXI; those in the presence
of 16-3M inercury are given in Tabie XXII; and those in 1073M rhodium plus

:0-3M mercury are given in Table XXHI.




TABLE XXI

The Weight Loss in a 10-Minute Period of Stressed
99.999% Aluminum in 2N HCI Containing 18->M RhCly
2
(All Values in mg. fcm. )

O~

Stress - Represented as % Temperature
reduCtion in sample thickness
" 10° 20° 30° 40° 60° 80°
0% 127 332 1
2.8 *27
4.7 142
8.5 125
9.0 126
10.7 132 108
13.0 113 121
16.6 133
20.0 111 117 97

~)



TABLE XX1I

The Weight Loss in 2 10-Minute Period of Stressed
99.999% Aluminum in 2N HC1 Containing 10-3M HgCl,
(All Values in mg. /cm. 2)

Stress - Represented as % _Temperature
reduction in sampie thickness -

1G6* 20~ 30° 40° S0° 80°

0% 1.2

10.7 2.6
13.0
16.6

20.¢C




TABLE XXA.{0

The Weight Loss in a 10-Minute Period of Stressed 39.9%95%
Aiumirum in 2N HC1 Containing 10-3M RhCl5 ané i56-3M HgCl,
(All Values in mg. /cm. 2)

Stress - Represented as % Temperature
reduction in sample thickness

2. 30°  40°  60°

%




RESULTS WITH COPPER

Corrosion in IM H2S04 in the Presence of 15~ Grcup YIII Chloride.

- The results of these experiments are summarized 12 Table XXIV. In all -~ ses
the rate of corrosion was slightly greater than that of the blank, but in no case

was there a large rate of corrosion. The increased rate over the blank is probably
- a result of the dissolution of 2 small amount of copper ty 2 metal replacement

reaction.

Corrosjor . 1% HpS04 in the Presence of 10-3M Group V4II Chloride.
The results of these experiments are summarized in Tabse XXV. iz no cace
was a large rate of corrosion cbserved. In all cases the presence of the Group
. VHI chloride iu the acid caused a slight increase in the rate oi corrosion.

C. rrosion in 2M HCl in the Presence of 10-3M Group VI Chloride.

The results of these experiments are summarized in Table XXVI. In no case

was a large rate cf corrosion observed. In all cases the presence of the Gro*o
VIII chloride in the acid caused 2 slight increase in the rate of corrosion.

Cor con in 2ZM HNO; in the Presence of 10-4M Group Vil Chloride.

x : The results of these experiments are summarized in Table XXVII. The copper

coricsied, 25 is well known, at an appreciadle rate _. the 2xf HNOj in the ab-

sence of any adgditive. In all cases the presence of the Group VIIi chleride
reducad the rate, with the eifeciive dcgree ..i inhibition lecrezzsing in the order:
Pa, ™, Rh, Ru, Co, Ir, Os. Ni.

Witk che exception of the experiments with 2dd#ions of palladium or

inum, orrosion r incr G with tima. i acomenoan is w
rlat the corrosion rate increase th tima. This el
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known and has been attributed (4) to the catalytic effect of the nitrogen oxides

wkich are 2 product of the reaction.

Corrosion in 2M HNO3 in the Presence of 10~3M Group VII Chloride.

The results of these experiments are sur.aarized in Table XXVHI. Palicdsum,
platinum, rhodium, cobalt, and nickel additions were effective in decre2s g
the rate of corrosion. Iridium, ruthenium, and osmiurm additions reduced the
corrosion rate slightly but to no major extent. No cascs were found in which

the corrosion rate was increased.

TABLE XXIV

The Corrosion of Copper in 1M H3SO4 at Room Temperature in the
Presence of 10~4M Group VIO Chlorides

Group VIII Chloride Average Corrosion Rate over a
24-Hour Period (mg. /cm. ZIh:r.)

Co 0.014

0.017

0.014
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TABLE XXV

Tha Corrosion of Copper in 1M H250, at Room Temperature in the
Presence of 1073M Group VI Chlorides

Group Viil Chloride Average Carrosion Rate over a v =
24-Hour Period (mg./ m. 2Ihx-.) =

Co 0.010
- Ni 06.017 )
Ru C.016
Rh 0.014
Pd 0.045
e Os 0.017
B Ir 0.013
Pr 0.035
Blank 0.006
TABRLE XXVI1

The Corrosion of Copper in 2M HC1 at Room Temperature in the Pre-
sence of 103 M Group VIl Chlorides

Group VIII Chioride Average Corrosion Rate cver a
24-Hour Pariod {mg. /cm. 2/br.)

werop
QOO OWOO
o

<




TABLE XXVII

The Corrosion of Copper in ZM HNO3 at Room Temperature in the
Presence of 10~4M Group VIII Chiorides

Group VIII Chloride Corrosicn i. mg. /cm.? )
1 Hx, 3 Hrs. 24 Hrs, -

i43

1.1

i.0

TABLE XXVl

The Corrosion of Copper in ZM HNO3 at Room Temperature in the
Presence of 10~3M Group VIII Chlorides -

Group VIII Chloride Average Corrosion Rate over a
24-Hour Period (mg. /cm. 2/hr.)

Co 0.914
Ni 0.914
Ra &1
Rh 0. 52 o
Pd 0. 044
Os c. G
ir 2% N
n [Ny |
g. 32
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DiSCUSSION

The great effectiveness of the more noble Group VIII metals in acceler-
ating the corrosion of iron in HCI, HpSC4. and 4 organic acids has been amply
demonstrated in these experiments. Under the conditicss used, the rate in the
presence of platinum was as much as 1000 time=z that of the blank. It has bec..
known for many years that contact of 2 less aoble metal with a low hydrecgen
overvoltage metal, such as platinum, causes a great increase in the dissolution
rate. This increase is attributed to the fact that the cathodic haif reaction -
the evolution of hydrogen - proczeds at z faster rate cx the second metal. s
Since the cathodic reaction is rate determining in many c-ses, acti' stion of the
cathodic reaction leads to an increased anodic reaction rate. Thus, the Group
VII metal accelerates the overall dissolution reaction by virtue of being a good
cotalyst for the hydrogen evolution reaction.

The relative activities of the Group'VIII chlorides ir - ccelerating the
corrosion of iron in the eight media studied are summarized in Tabie XXIX.

It will be noted that platinum was the maost effective, rhodium, palladium,

irigaium and ruthenium were of intermediate effectiveness, and osmium, cobalt, .

3
and un;.2l were least effective. This rel:tive effectiveness agrees well with
experizients carried out with iron in boiiing 0. 2M citric acid, and cobalt and
nicke! : boiling 2M HCI. (1} 1n these exper-aents the less nobie metal was . e

coupled to a cylinder of the glatinum metal of 2qu2) surface area. The reia-
tire effectiveness in those experimern.> v2s 1. e decrea sing order: plaiinum,

r=ladium, rhodium, and iridiam.
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! TABLE XXIX
The Relative Effectiveness of the Group VIII Elements in Accelerating
the Corrosion of Iron in Acids at Room Temperature as Determined
from 1- and 3-Hour Runs.
2M HCI IM HCl1 1M H3504 9.5M H2SO. 2N Malic N Formic 2N Citric 2N Acetic
Pt Pt Pt Pt Rh Pt b Pt
Rh Rh Ru Rh Pt Pd Rh Rh
o
Pd Pd Rh Pd Pd Rh Pd Ir
Ru Ra Os Ru x Ir Ir Pd
Os Ir d Ir Os Os Co Ru
- Ir Os Ir Os Ru Ru Os Os
X Co Co Co Co Ni Ni Ru Ni
Ni Ni Ni Ni Co Co Ni Co
- Average Relative Effectiveness in Eight Media -
Platinum - 63 points*
Rhodium - 55
- Palladium - 46
Iridium - 35
Ruthenium - 34
Osmium - 25

Cabhalt - 15

Nickel - 12

% - Giving 8 points for moncr active, 7 for 2nd macst aciiv~ etc.
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It appears likely in many of the experiments with platinum additicas
that diffusion of reaction species to the surface or diffusion of products
away from the surface may have been rate limiting. As shown in Table I
for example, six of the mixtures yielded » weight less in one hour of 165- e T
179 mg. fem.2 Presumably the rates could have beer increased beyaond thic -
range by increasing the rate of diffusion by agitation oi the sclution.

The most severe tvpe of corrosion of iron was nb-erved in the case
o1 mineral acids, 10’4Maddedplatinum, and sndium iodide. PFPitting of the
saraples was very gre.t and, in the case of the sample in 2M HCL. complete
perfiormation cccurred. Pitting was also observed in other systems invoiving
both an activator, such as platinum, and an inhibitor such as Na3PO,.

All the aluminum alloys exhibitec high rates of corrosion i~ HC1 in the
presence - {3) mercury, (b) rhodiurm, (c¢) rhodium plus mercury, and (d)
rhodium plus indium. Ruthenium was also very effective in accelerating the
cerrosion of pure aluminum in HCl. Experiments with this additive were not
carriad out with all the 2lloys, however. Additions of mercury alone, or
mercury ph - indium, were effective in causing a2 rather high rate of corrosion
in water or sodium chloride solution. x

The experiments summarized in Tobies KVi.: :arougk XXIII indicare ‘
that *+»mpe.ature and degree of stress did not have a very graar affect on the
rate ot corrosion ir the preseace of acceler: ting additives such as mercury

and vlicdium These results suppor: the i..= :hat the rate i corrosion under -
L}

the conditions used was depends t primarily upon the i13te i difflusion of




reaciants to or products away irom the site of reaction.

No evidence was found for an appreciable increase in the corrosion
rate of copper in the presence of dis<oived Group VIili transition metal
chlorides. Tkis result is to be expected ince the Group VIiI metals are
effective ir accelerating the corrosion rates of less ncble metals by v.r&ti-
of their ability to catalyze the cathcdic hydrogen evolution reac:iion. In the
case of copper, the reaction Cu + 2HX = Cu*?(aq) + H izl : 2X {aq), is un-
favorable from a thermcdynamic point of vicw in the presence of minute
amounts of hydrcgen gos. (' the other hand, reaciiorc invslving the
scavenging of hydrogen by oxidizing agents, in which the preduct of the over-
all reaction is not gaseous hydrogen, are favored from 2 thermodynamic
viewpoint. In ihe absence of hydrogen evolutien, the slatinum metals would
not be exgoried tc be effective catalysts for the dissoivtion reacticn.

The most intercsting results are those shown in Tables XXVII and
XXVII in which appreciatle inaibition of the reaction with HNO3 was observea.
Limiting the 2nalysis to the inert platirum metals, it will be noted that the
effectivenes . .»f these metals in inhibiting the corrosion in HNOj3 may be
described as follows:

Effrctiveness in Inhid:ting the Corrosion in
2M HNO3 at ¢ Conceatraticas of :}2 Pt Metal

15-4x 10-3a0

CGood Inhibitor pelol P4, Pt. Rh
Mo dc.ate Inhiiitor aore
Poor Inkibiic - : Ra, Ir, Os




At both concentrations, palladium was the most effective inhibitor,
foilowed by platinum and rhodium. Ruthenium, iridium, anc osSmium were
only slightly effective In previous studies carried out :n this laboratory (5j
it was hypothesized that good inhibition of the anocic reaction was citen =.
tained in reactions with boiiing zcids under conditions where the izhibiii-
metal had an appreciable solubility in the corroding metal. For example,
nalladium is an excellent irhibiter for the corrosion of :ilver in constani-
boiling HCl and copper is an excellient inhibitor for the corrosion of nickel
in boiiing 2M HC: P=zlladium-silver and copper-rick=} form solid solutions
over the entire range of concentrztion. In the systems used in the present

study, the phase diagrams of the copper-palladium and copper-platinum

systems ind.z2te complete solid solution over the ertire concentration range.

In the ¢« _pei-rhcdium system, the solubility of copper in rhodium is of the
order of 20 atomic % 2t room temperature. On the other hand, ruthenium,
iridium, a2nd osmium have little or no solubility in copper (6). It is not
desired to pursue this analysis too far at the present time until additicnal

critical ex; -~iments can be performed.
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PART C

“The Rapid Corrosion of Metals at Room Temperature ir
the Presence of Hydrogen Sulfide, Various Salts, and
Water Vapor"
By

W. Roger Buck, III, and Henry Leidheiser, J=.




ABSTRACT

Copper, nickel, iron, cadmium, tin, and zinc were rapidly cosreded

at room temperature in contact with AgNOg3 in er atmoesphere of st and

water vapor. Copper was also rapidly corroded in .he presence of Hg{NO3),.
H,S, and water vapor. At low concentraticns of AgNOj;, the weight loss of
copper and nicke? ithe other metals were not studied) was appreciably greater
than could be accounted for on the basis of an oxidation-reductisn ro~ciioz in

which the nitrate ion was converted to NO.




INTRODUCTION

The broad purpose of the experimental program ccovered :n this roport
was to make studies of systems of metel plus environment in which very rapid
deterioration cf the metal occurs ai room temperature. Other portions of
this report are concerned with the effect of liquid meials on the cra<king zud
oxidation of metals, the effect of mercury saits on the oxidation of aiuminu:a,
and the effect of platinum metals in accelerating the dissolution of metals in
aqueous solutions This portion oi the report is concerned w.ik: ~he effect of
a gaseous compound, hydrogen sulfide, in accelerating corrcsica.

It is well known that hydrogen sulfide has the eifect of incr-asing the
rate of oxidatior of copper. The initial motivation for the experiments was
to choo<e a2 system based on copper and hydrogen sulfide at room temperature
for quantitative investigation. As the work progressed, it because apparent
that many solid salts were exiremeiy corrosive to a number of metals in
short periods of tin.e in the presence of hydrogen sulfide and moist air. The
experiments reported herein are thus = preiiminary appraisal of the effective-
ness of hydrogen suifide in accelerating the corrosion of metals at room
tam.erature in the presence of varicus s«its. Quantitative, more sophisti-
cated experiments were not carried out because the contract was terminated
a5 vi1ese experiment: Wire 1o begin. Ta. 2exd for such quazsitative expeni-

ments will be apparant 23 the veport iz recd.




e .

EXPERIMENTAL PROCEDURE

The metals vsed in this study were the same as tho~e describea n the

scction concerned with deteriorztion »f metais n the presendc o uid metals

- ‘\'i‘.

- (Fart A). The metals were used 1 the ferm of cylinders, 3,8 t0 3/8 -2
diameter. They were degreased after machining and were etchec imif.e Iviteiy
prior to use in €N hydrochloric acid or :iute nitric acid.

All experuments were carried out in 2 plastic reacticn chamber,
12* x 12" x 5-1/4", which was equipped with a fan for keeping the atmosphere

in continuous maticn. A relative humidity of iT2% was mainiained by means of

a tray of water placed irmmediately below the fan. Hydrogen sulfide was =
generated by immersing small pellets of Na2,5 in acetic 2caé. The partial
pressure of hydrogen sulfide in the moist air was not controlled but its aver-
age value during the period of the experiment was estimated te be of the order
of 150 mm.
‘ X
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EXPERIMENTAL RESULTS

’

Experiments with Copper_

The rzpid rate of corrosion of copper in the presence of 2 mercary
salt, H;S, and moist air is shown by :he r2suits :n Table 1. It next aprezred
of interest to determine if 2ll three constituents were necessary for 1his
rapid corrosion. As shown in Table I the copper samuies exposed tc 2
mercury salt and water vapor at 100% relative humidity did not exhibit any
appreciable corrosion. in all cases the samples gained in weight as 2 re-
svlt of amalga~.--:ion. Tabdble Il shows a similar set of experin.erts in
which the samples were exposed to mercury salts and ©,S for "0 urs ia
an atmosphere which had been freed of the majer amount of water vapor by
dryirg wiii. the absorbent, calcium chloride.

it wix naxt of interest to determine if simultaneous attack by the
mercury s2it and hydrogen sulfide was necessary. In order to tist this point
copper samples were thoroughly amalgamated by covering them with either
HgSCy4 or Hg(NO3); and the samples were then transferred to the ~eaction
chamber -here they were exposed to H?_S vapor at 100% relative humicity
for 2Z hours. It will be noted frcm Table IV 1that weight losses of only 3 to
1~ :ng. ware cbserved under these conditions.

The eifectiveness of Hg{NO3}, in promoting the cozrosien of copper

suzgest+d that otker metailic nitratz:z sk- :1d be inver 1gated. sabie V -

summarizes the resulis obieined wiih a <aries of metal nitrates. It will be
noied thar AgNO3 was by {27 tne most =iiLctive in a3using severe cerrosion

of copper.




The Corrosion of Copper in Contact with Mercury Salts :n

TABLE ]

as Awmosphere of H3S at 106% Relative Humidity

Mercury Salt

Loss in ¥eight of Conper (1in mg.)

{Unweighed) 1 Hr. 3 Hrs. b6 Hrs. 22 Hrs.
Hg(NO3),-H,0 42 86 129 1.3
188 (2) 139 12,
125 {40) 136 169
(41) 47 159
31 i6
21 17
16 20
12 36
(8)
87
HgSO, 7 33 32 72
16 22 20 74
23 42z 62
115

70 Hrs.

i
404
337

25
40
28
127

Note - Vulues in parenthesis indicate that 2 gain in weight was obscrved.

TABLE ii

The Corrosion of Copper in Contact with Mercury Salts
at 100% Relative Humidity

Mercury Salt
(Unweighed)

HgSO,

Hg:NO03), H,0

Note - Values in parenthes:s

Wei; a1 Ci o ~ e C

oy

in 70-Hour Pericd (in mg.)

(z.0

{12 7)

wicate tnat & gas: s weight was observed.




TABLE 11l

The Corrosion of Copper in Contact with Mercury Salts
and H,S Vapor (Water Vapor Removed by Drying Agent)

Mercury Salt Weight Loss of Copper
(Unweished) in 70-17-a1 Period (in mg.)
l—lg.‘SO4 86
94
29
Hg(NO3),- HZO 81
33
80
TABLE IV

The Corrosion of Previously-Amalgamated Copper ir an Atmosphere
of HpS at 100% Relative Humidity

Sample Number Loss in Weight in
a 22-Hour Period (in rag.)

1 3
2 3
3 8
4 6
5 11
6 10
7 . 15



TABLE V

The Corrosion of Copper in Contact with Sclid Natrates
in an Atmosphere of H,S at 100% Relative Humidity

Weighi “.osc of Coppar in

Nitrate {(Unweighed) 23-Hcur Pericd (in mg.)

NaNO 3 23
Ca(NO3), 2¢
NH4NO;3 30
Zn{NO3), 31
Bi{NOyl3 51
8o

Hg(NOs3)2-HpO0 85
AgNO, 334
399

The very iarge amount of ccrrosicn cbserved with AgNO3 in the pre-
sence of H,S and water vapcr, as showr in Table V, suggested that cvperi-
ments should be carried cut tc detc: mine the impc:=t2nce of HpS. Table VI
summar:.es experiments made in the presence and absence of H;S to test
+-i- point. The total amount of corresisn in 2 22-kcur pericd was appreciably
greater in the presence of HpS.

The great cffcctiveness of AgNC» inincrerelng k. mourt of corro-
sion of copper in the presence «f HpS raised thz question 1s o the chemical
«eeclions ihai were vedusting. inth- ztsiace of HjS 2na » the presence of

2 high water vapor conten’ r.ii»r, it might be cxpecied t+2 the simple -




repiacement reaction, 2AgNO3 + Cu —>Cu(1\’03)2 + 2Ag, would occur. A
series of experiments to test this point are summarized ir Table VII. It will
be noted that the theoretical weight loss of copper on the basis of this reaction
is very ciose tc that actually observed. In 9 of 1i zases the actual loss -~ s
slightly greater than the theoretical loss, suggesting that the nitrate ion
might also have been effective in oxidizing the copper. It was felt that the
nitrate ion might be more effective in cxidizing copper if a better source of
Lydrogen ions than water was present. To this end the experiments reported
in Table VII wer: . ep=2ted in the presence of acetic acid vapor. The source
of the vapor was a beaker =f conci..irated acetic acid placed in tnc szoctior
chamber. The results summarized in Table VIII show that under these con-
ditions the th-~oretical weight loss departs seriously from that expected on
the basic of ¢ sirnple replacement reaction.

if the siiver nitrate tock part in the reaction in the presence of H,S
in stoichiometric quantity, the likely reaction which might take place is the
following: AgNO3 + 4Cu + ZHZS —> Ag + NO + 2Cu;,S + 2H20. The re-
sults tabui * -d in Table IX indicate that the weight loss of copper is signifi-
cantly greater than would be expected on the basis of this type of stoichiometric
par._icipatien of AgNO3 in the cerrosion rezctica.

TAELE VI

Tr2 Corrosion i Topper in Contact with AgNO=x at 170k Felauve
Humidity in the Absence and Presernce of H,S

Weight Loss in 22-hour P~7~4d {ia mg.)

Tn Absence of Hzi . Presence of Zizs
35 H
3R 8Z

=




TABLE Vi

The Corrcsion of Copper in Contact with AgNO3 at 100%
Relative Humidity (No HZS Present)

Weight of AgNQ3 Weight Loss  Thecretical Weignt  Rztio of Actual

on Copper Surtace of Copper Loss o Besis of Weight Loss to
Simnle Replacament Theoretical o ®
Reaction Loss ey
8.1 mg. 1.3 mg. 1.5 mg. .87
25 5.5 4.7 1.2
53 11.5 5.8 1.2
67 14 12.5 1.1
80 16 15 1.1
99 21 18 .1
101 20 2v 1.9
125 35 23 1.5
146 33 27 1.2 o
187 14 35 i3 P
278 63 52 12
TABLE VIO

The Corrosion of Copper in Contact with AgNG3 at i00%
Relative Humidity in the Presence of Acetic Acid Vapor (No H,S Present)

Weight of 8gNO3  Vieight Loss  Theoretical Weight  Ratio of Actual

on Copper surface of Copper Loss on Basis of Weight Loss to
Simgle Replacement Theoretical ’
Reaction Loss ®
42 mg. 18 mg. 7.8 mg. 2.3
86 28 15 1.8
i2i 32 22 1.4
192 38 36 1.6 .
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TABLE IX

The Corrosion of Copper in Contact with AgNQj at 100% Relative
Humidity in the Presence of HyS

Veigit of AgNO3 Weight Loss Theoretical Weight Loss  Ratio of Actual

on Copper Surface of Copper op Rasis >f i.eaction, Weight L~ss to
AgNO, + 4Ca ¢+ Theoretical =
2H,S —> Ag + NO+ 2Ce;,S ioss =%
+ ZH,0 * o
1.5 mg. 24 mg. 2.2 mg. 11
2.1 31 3.2 9.2
2.5 25 3.7 6.8
3.6 22 5.3 4.2
5.6 25 8.3 3.0
9.1 35 14 2.6
2.5 38 14 2.7
14 53 21 2.6
26 76 39 1.9
46 89 76 1.2
76 103 113 0.9
111 126 166 0.8

% - Ncte - The reaction whick utilizes AgNCz v .2 cxiuation-reduction
system and which wotlé consume the maximum amount of Cu
is the fcllowing:

2agNO3 + 18 Cv + 9H 5 —3- 2Ag + 211, + 9C4,S + 6H0

This reaction alone stili 7a.i+ ‘o account for the lazge amount
of copper consumed ia the .- of small amerunts of AgN"‘3.
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The agpreciable corrosion caused by nitrate salts in the presence of

H3S raised the question as to whether the function of the HyS simply was to

ume (NG

furnish hydrogen ions so that the nitrate behaved as nitric acid or whethor it

also participated directly in the reacticn. In order to test this point samples

of copper were exposed to 0.1 g. of concentrated nitric acid at 105-;, relative _
humidity in the presence and absence of H3S. The resulis of these exper:-

ments are tabulated in Table X. It will be noted that the average weight lo.35

of copper in the presence of H,S was approximateiy 7 times the loss in its

absence.

TABLE X

The Corrosion of Copper by Concentrated Nitric Acid at 100%
Relative Humidity in the Presence and Absence of H,S in 22-Hour Period

Amount of Weight Loss Weight Loss Calcd. on  Weight Loss Calcd. on
HNO3 U..d of Copper  BasisofReaction, 3Cu BasisofReaction, 3Cu
+ 8HNO3—> 3Cu(NO3), + ZHNOj3 + 2H,S

+ 2NO + 2H,0 —>3CuS + 2NO + 4H,0

In Absence of H,S

100 mg. 17 mg. 38 mg.
20 38
21 38
15 38

In Presence of EZ.S_




{ X-ray Diffraction Studies of the Products Formed in Reactions In-

volving Copper. A portion of the produci was removed from the surface at

the end of an experiment, it was ground in a moriar; 2nd was then packed in
a smajl czpiliary tube for diffraction anzlysis. Ail X-:ay measurements were

made using copper radiation.

(1) Cog_ger, Hg(NO})z. H2S, and moist air. Ia the presence of an

excess of Hg(NO3),, the crystalline products were HgS. CuS, and Cu(NO3j;-

3Cu{OH)> .
(2) Copp~r AgNO3, HpS, and moist air. In the presence of an excess

of AgNO3, the crystslline products were Ag, CupS, CuS, and CuiX0s),-

. 5Cc(OH), . In the presence of a small amount of AgNO3, the crysdalline

) products wei > CupS: CuS, and Ag. In all cases there were 10 to 17 iines
wkich co. id z.ot e associated with any compounds in the ASTM X-ray Diffrac-
tion Card File.

(3) Copper, AgNO3, acetic acid vapor, moist air. In thé presence of

an excess of AgNO3, the crystalline products were Ag and Cu,0.

{4} “npper, H2S, moist air. The only crystalline product was Cu2S.

Nine lines of faint intensity were not identified.

(5) Copper, HNO3, H5S, moist z.v. The crvstallir = products were

CiS: CupS, and Cu(NO3)2- 3Cu(OH)z.

Experiments with Oiher Metale., T-dies XI, XiI7. XTi, and XIV N

surmmmarize some of the misceitone su” exnariments carried out with other

metais and .alts in the pressuca of hydragzz:: sulfide. It «ill be ncted thai the

combination of a nitrale. nydrogen sulfide, z2nd moist air . extremely

carrosive to many metals.



TABLE Xi

A Summary cf Miscellaneous Experintents on the Corros:on of Yarious
Metals 1n the Presence of 2 Salt. 100% Reiative Humidity, and H,S for
a Z22-23 Hour Period

Metal Undergoing Salt Placed on We:ght Loss of
Corrosion Surface (Un\veigh_e_téi Corroded Metal
Cu GacCly 54 mg
47
51
41
56
48
Mg HgF, {20}
HgCl, {33)
Hg:Clp (1 3}
HgBr 12
Q Hgly 17
HgSO04 1
R Hg(NO3),-H0 79
Ti AgNO3 0
AgNOj3 0.1
HgF, 4
Zr HgF, (4)
HgF, (6)
Ca AgNO3 42
AgNC3 37
Ni Hg{NO3)2-H0 37
Hgi{NO3); H;0 £5
AgNOC3 72
AgNO3 80
Sn AgNO- 2z
AgNG3 33
Fe AghOa 150

Agna, 134

one




TABLE XI {cont)

Meial Undergoing Salt Placed on Weight Loss of
Corrosion Suriace (Unweighed) Corrcded Metal

Pb HgS04 {iz)

HgSO0a (4)

Stainiess Steel 303 HgF» 15

HzF, 22

Zn AgNO3 49

AgNQO3 51

TABLE X1I

The Corrosion of Copper, Nickel, and Iron in Contact with Solid "g,S at
100% Relative Humidity in the Absence and Presence of H,S
in a 22-Hour Pericd

Metal Undergoing Weight Loss in the Weight Loss in the
Corr-._ion Abserce of H>S Presence of H,S
Cu 0.5 mg. 16 mg.
0.6 22
0.6 25
0.5 18
Ni 20 50
19 52
41

37



The Corrosion of Iron by Solid AgNO3 at 100% Relative Humdity in the
Absence and Presence of HS

Weight of AgNO3 Weight Loss Theoretical Weight Loss on
Used of Iron Rasis of Reaction, 2Fe ¢
AgNC; + 2Hp5 —> Ag #
2FeS + NO + 2H,0

In Absence of H2S

33 mg- (0.4)
55 7
7 i.5
118 (2)
. 265 1.2 N
’ In Presence of HpS ¢
74 mgz 30 mg 49 mg )
103 43 68
135 76 89
156 45 103
219 59 144
262 99 - i74

e i




TABLE X1V

The Corrosion of Nickel by Sclid AgNO3 at 100% Relative Humidity in

the Presence of HZS in 2 22-Hcur Period
Weight of AgNO3 Weight Loss
Used

of Nickel

Theoreticai ¥=2ignt Loss on

15 mg.
34
50
71
75
125
16:
7
172
204
267

383

39 mg.
45
68
57
61

72

78
73
82
90

102

Basis of Reaction, 2Ni +
AgHO35 + 2HS—>Ag +

2FeS + NO + 2H,0

10 mg.
23
34
49
52
85
111
118
118

140

%
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DISCUSSION
¢ The purpose of these experiments was to choose for quitntitative study
a system showing very rapid deterioration of copper This purpose was
achieved, but quantitative experimenis were not i uated because of termina-
tion of the contract.

The system consisting of silver nitrate, hydrogen sulfide, and moist
air was very corrosive to many metals including copper, nickel, iron, cadmium,
tin, and zinc. In the case of copper and nickel, it appeared that the amount of
reaction was mu-h greater than would be expected on the basis o the nitrate
ion concentration It is not known, howucver, whether the silver nitrate was
a truc catalyst for the reaction of coppcr with oxygen or hydrogen sulfide or
whether siiugic reaction of hydregen sulfide with the copper could account
for the 7 aou.:it of reaction cver .a.r.d above that called for by a reaction in-

volving nitrate. A decision in this regard must await quantitative experiments.



PART D

"The Very Rapid Oxidaticn of Aluminum :: Room
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By

Dav:d A. Jacksor, Jr . and Herry Ledberser, Jr

9y




ABSTRACT

The rate of oxidatiorn cf 2luminum, contaminated with Hgly, ininoist

2ir occurred hinearly with time in the carly stay»s of recaction. The rate oi
oxidation at 30°C 1increased with relative humid:ty arnd was a maximum at
80-100% RH. The majority of the reacticn was with cxygen but = ceonstant
amount of reacticn, 0.066 mg fcm. 2/mirute . occurred with water vapo:
over the relative humidity range 36-100%. The ‘otal reaction of aluminum at
100% relative ».midity was equivalent tc 0.9 mg. of aluminun. ‘cr. 2/minute.
The reaction product cxhibited rne crystaliine diffirzcticn patzern when exarmined —
with electron or X-ray beams. The product lost a negligible arr >unt of water

when heated at 115°C. but it did lose an average of 34% by weight when heated

at 60C*Z. Aging of the product without dehvdration resuited in the <rystalljza-

tion of the beta-trihydrate. An explanation of the strong dependence of the

rate on the relative hummdity was given and was based on the supposition that

the electrical properties of any film of oxide present or the surface were a

function ~f the relative humidit,.




INTRODUCTION

It is well known that mercury has an extremely deleterious effect on

aluminum in many environments. For exampie, the corrosion of aluminum

in boiling 2M HCI containing 10-% to 16 ~M HgCl, 1s increased 2 100-fo1d

over that in the absence of mercury (1). Also. the rate of oxidauon of alums-
num is greatly increased in the presence «f mercury 2s can r-=adily be shevn
by applying a drop of mercury cn an 2luminum surface and scratching the
surface in order to aid in penetration of the . xide {ilm.

The purguse of the work reported herein s to make a quarntiitative
study of the oxidation of «luminum in the presence of mercury and thereby
to determine the more important variables. Preliminary experiments indi-
cated that it was very difficult to obt2in rep:educ:bie results with metallic
mercury, presumably because of the inzbility to prepare a reproducible sur-
face whose oxide coating was uniformly peretrated by mercury. Preliminary
experiments with many mercury salts indicated that Hglp was 2 satisfactory
reactant and that uniform attack was cbtained over the entire surface when

it was spread in 2 thin layer. Quantitative experiments were then confined




"

EXPERIMENTAL PROCEDURE

It was determined very early. in the resezxrch that aluminum in co-.tact

with Hgl; reacted with both nxygen and water vapor whaen both were present

in the atmosphere. The major amount of reactior leading to a pressure change

at all humidiiies took place with oxygen as indicated by the fact that there »as

2 pressure decrease in a closed system containing air when the water vapo

concentration was maintained constant. These observations led us to adopt

pressure change 1 2 closed system as the measured parameter for following

the rzaction as a function of time. Since the reactic» with oxyger consumes

3/4 mole of oxygen gas for every gram atom: of aluminum and the replacement

reaction with water evolves 3/2 mole of hydrogen gas for every gram atom

of 2lur: ‘nusz, 3 small fraction of the total reaction involving water leads to a
significant error in assessing the total amount of reaction from pressure
decrease only. Gravimetric measurements were thus carried out in separate

experiments in order to determine the relationship between pressure change

and the r—¢a] arnount of reaction. As described later, it was found that the

rate of the replacement reaction of aluminum with water was constant at
1 ciarive humidities ranging from 3£ to 190% and was not greatly different

from the rate of reaction of 2iuminum with liguid water at the sams tempesa-

ture. Aii studics were carried out with .ir.

The reaction Zpparai.e: T-ioizted of &n insulated, double-walled copper

chamber whose interior metal surfuc: w...- heavily cozted with 2 flag black
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paint. The scaled chambcr‘ was connéctc(l to & mercury capillary manometer
at L and to a bellows-type pressurc gauge at K. The chamber was maintained
at constant temperature by passing water from a constant temperaturce bath
between the double walls of t...o chamber. Tomj - rature measurements were
made by means of a thermometer passing into the chamber <1 N through an
"Q" ring seal.

The cylindrical sample was inserted in the plastic holder G which was
cemented to the hollow support F through which vater at constant temperature
continuously cir-ulated. The sample fit very tightly in the heller G so that
only the upper circular surface was exposed to Hzl;. The base of the plastic
holder G was machined to a thickness of apyroximately 0.5 mm. so as to
interfere o= little as possible with the transfer of heat from the specimen to
the cc- staat-temperature water circulating through F.

The desired relative humidity was obtained by placing a saturated
salt solution in thg plastic tray T and allowing the enclosed system to reach
equilibrium during a 30-minute period. Both thermal and humidity equilibrium
were fariliated by the use of a small fan X which continually stirred the internal
atmosphere. At relative humidities less than 100%, Octoil-S was used as a
spacer to control the internal volume .{ the chamber to 000 cc. At 100%
relative humidity, water was used as the space:n.

The Hgl, was uniformly distriburcd over the sample surface by passing

it through a Nylon sieve E wiiich wa: agitated by the stainless steel rod C, A



Lome T . dbl .

e — o >

‘ Figure 1. Apparatus used is guamiitative studies of oxidztion cf

aluminum ia contact with Hgls.
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movabie shield D prevented specks of the salt from coming into cortact with
the sample prior to the desired time.

The alumi:-um samples were prepared from 99 999% pure ingot ob-
tained from Dr. Lee Craig of the Rcynolds Ma*~1s Company. They were
machined in the shape of cylinders, 1.3 cm. in diamecter. They were
degreased in sther and were heavily etched iz ?7.¢ BCi immediatesy priv: ‘o
insertion into the reaction chamber. The appearance of the sample Jur:ng the
reaction was observed through the observation port Q and iilumination wes

provided bv & . baltery-operated lamp H.



EXFERIMENTAL RESULTS

Rate Measurements

The rate curves, as determinad by pressure change uncorrected for
water replacement reaction. were all characteri_ _d by 2 linear segment n
the eariy stages as shown by the representative curves in Figs. 2 and 3. At
109% relative humidity and 30°C. there was an inducti-:: period whicn was
2s long as 40 minutes in some instances. This induction period decreased
with decrease in relative humidity at 30°C. and wcs much less 2t 40°C. and
100% relative humidity than at 30°C. At low relative humiditics the linear
rates were not maintained ior long periods and the reaciion cezcud aficr 1030-
200 mirutes. At high relative humidities the reaction rate decreased as the
oxygen in the system approached a low value. A compilation of all the rate
measur-ments is given in Fig. 4 in which the average value of the linear rate
is plotted as a function of the relative humidity. The range of all the measure-
ments at any one relative humidity is denoted by the bar.

At high relative humidities (90-100%) the oxide often grew as a con-
tinvous, thick, blue-white column. This column grew perpendicularly and
bad sufficient strength to lift the Nylcn sieve from its support. At low relative
huma:lities (20-50%). the oxide consist=d = short fikers, - .mewhat powdery
and pure white in color. At intermediate kumidities and ar high humidities

long ibbon< oi cxidc lermed. Microscoup:s examenatio of the puint of contact

between the aluminum s2:inple w..d =an2ii crystal of Hgl, indicated that

rmetallic m« ~lury was formad and that i ,cp«dlv spresd ovar a large area
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Figure 2. Tte oxidation of aluminum n air in the presence
of Hgl, a1 30~C. and various relative humiditie~.
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(uncorrected for reactio of aluminum with water)

220 |—

200 {—

180 —

160 i—
140 !‘—

120 —

20—

Figure 3.

The coxidation of aluminum in air at 100%
relative humidity in the presence of Hgly.
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from its point of origin. Oxide fcrmed uraicrmly cver the surface in the

areca covered by the spreading mercury.

As stated previously, it was known tnat a porueon o the total overall

reaction invulved a replacement reactic~ cf water witk aluminum. Tae

nethod used to determine the fracticn cf reacticr with exygen ard witsy water
vapor was as follows. Three to eight experimernts we-e casred cut at eack

of the following humidities: 36, 58, 73, 81, 85, 93, 2n2 190%.. The cylindrical
samples of aluminum were rubbed i- .; @~d were immedizteiy placed ina
closed systemn miizi.ined at the desired humidity. The pressure change
during the experiment was measu~ed ard the amcunt of alumirum consumed

was determined gravimetrically. The pressure measurements summarized

in Fig. 4 were thern us-d to cazlcrlate the amcurt of reacticn with oxygen and

the amc-u:t of the replacement reaction with water. The results of these ex-

periments are summarized in Fig. 5 and Table I. Tte infocrmaticn tabulated

in the right hand column of Table I indicated that the rate of the replacemer.

reaction with water was independert of the water vapcr concentration over

the rangs <» 36 to 100% relative !:un::i..ity.

Next, it appeared cf interest to determine the rate of corrosion of
alvminum in water under essentially the saine - "eirians of amalgamation.
San.ples of aluminum were coated with Hely, the icGids we2: washed off in

stream of water, and the samaplcs were irtmersed fci 1-24 novrs o a 0.00IM

so:ation of :3gCly maintained at 33%. Th: ale of the reaction in 7 experiments

ranged from a low of 0.013 + =z higk of 0.635 mg. /cm.2/min., with an




average rate of 0.0206 mg. /cm.2/min. Thus the rate of reaction cf aluminum
with water vapor (0.066 mg./cm.2/min.) was 1ct greatly different irom the

rate of reaction with liquid water.

A summary of the experiments carried cut to determiie the fraction
of the 10tal reacticn accounted for by a replacement reaction between
aluminum and water.

TABLE I

Relative P.rcentage of Total Calculated Ratc of Reaction of
Humidity Reaction Involving Water -aluminum with Water Assuming a
Linear Rate over the Experiment
mg. of Aljca. < -eainute

160% 18% 0.05
93% 23% .07
5% 30% .09
81% 30% .07
3% 27% .06
58% 45% .07
36% 64% .05

Average
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The Oxidation Preduct

X-rzy diffractior analysis of the product immed:ately after prepara-
tion indicat2d, by the absence of a diifraction pattesn, that 1s was amorphous.
This confirmed the observation made previcusi, by Straughan (2} on t=-
product formed when mercury ~ontacted a single crystal of aluminum.
Subsequently, Heyn (3) noted that no crystalline pattern was sbtained using
electron diffraction techniques on the product formed on aluminum in the
presence of mercury under rcom conditions. Lawless (4] coni‘rmed that the
preduct formzc in the presence of Hgl, at 100% relative humiaity yields no
crystalline diffraction pattern using electron diffraction technigusz.

Exposure of the oxide to 100% relative humidity at room temperature
for 16-21 says resulted in the crystallization of beta-Al;03-3H,0. The

rais «i crystailization of the trihydrate zppeared to be greater for ihic pro-

duct formed at 40°C. and 100% relative humidity than at 30°C. Simultaneously

with the crystallization, the sample decreased greatly in volume and it ch2nged

from its bluish-white translucent appearance to an cpaque white color.
L . ydration of the product at 600°C. for 3 hcurs resuited in a product
which yielded no diffraction pattern. Rehydration of this dehydiated pro-

quci by exposure to 100% relative humdity fe~ 7 190 days rasvited in the

crystaillization of the beta-trihydraic. Dchydration of the crystalline hvdrate

fcrmes by hydration of the dzhydiated,aatially-fory _ad,an:srphous oxide

--.elded anrhydrous eta-Al203. Thsz rz ¢ vn obtained 1 this cuse was diffuse




Negligibie v cight losses were obtained when the oxidation product
was neated at 115°C. for 1-10 hours. An estimate of the amount of water
in the product was obtained by determining the weight loss when the saraple
was heated at 600°C. for 3 hours. Amnalyses were perfocrmed on products
formed at 81 and 100% relative humidity at 30°C. and at 100% relative
humidity at 40°C. The weight loss in eight samples ranged from a low oi
31 0% to a high of 38.9% with an average ioss of 33.7%. The difficulty iz
making accurate measurements of this type is a result of the fact that arop-
lets of mercury and Hgl, are occasionzlly trapped in the oxide ‘uring growth.
This weight loss suggests that the approximate comyjosition of the prcduct

is Al 03- 3H20, in which the theoretical water contert is 34.6% V7 weight. -

2
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NISCUSSION

These experiments furnish additional convincing evidence for the
highly reactive naturc of aluminum when its oxide ilm no longer offers
protection. The rate of oxidation in air at high sulauve humidity and 20°C. ,
for example, was cquivalent to the consumption of 0.9 mg. of aluminnm/cm. ¢/
minute. The non-protective nature of the reaction product was emphasized by
the fact that the rate of reaction was lincar with time as shown by experiments
of the type reported in Fig. 2. Such rates are ofien obtained with systems in
which the reac*i.-1 product develops faults such as cracks or pores.

Attempts to furnish a quantitative explanation for the oxidotion bo -
havior are severely limited by the inability to make measurements on or
observatioi. of the aluminum surface during reaction. The dynamic nature
of the -.irfoce and the presence of the voluminous reaction product precluded
simultaneously rate measurements,:»d meaningful electrical measurements,
for example. It has been necessary, therefore, to attempt an explanation
on the basis of mcasurements on samples of other types and on the basis of
the elect»~n microscope observation of Heyn (3).

The optical microscope studies indicated that the Hgl, rapidly reacts
w.il aluminum and the resulting free n.avcury sr»2ads " er the surface from
itea point of vwigin.

It is conjectured that the oxide {il'mn which for~is or the inercury-

cortaminated aluminum sarface ig similar to that which is formed during
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anodic treatment (5) in whizhk poras penetrate the oxide normal to the metal

These pores have been determined to be 100-300 A. in diamecter

surface.

It is further conjectured ihat e

by electron microsccpe observations (6).

major fraction of the total oxidation of alumiium unde: the conditions used

in these experiments is =lectrochemical in nature w:th the ,limple empirical

~ N

anodic reaction being represented by Al - 3e~ = AVt and the simnple

emg:rical cathodic reaction by Op + 4e- = ZU”. The r2te under a certain

range of experimental conditions might then be determii:ed by the electrical

Jason and Wood (5), 2nd more recen:i+ Stover (7),

properties of the oxide.

have fcund that the impedance of ancdically-formed oxide films is 2 fanction

of the relative humidity of the atmosphere surrounding the sample. Stover

found, for exampnle, that the impedance of an aluminum sample anodized in

50% sulfuric 2cid at 90°F. and 12 amp. /sq. ft. for 25 minutes was approxi-

mately 106 ohms at 0 relative humidity, 103 ckms at 40% relative Lkumidity,

10% ohms at 60% relative humidity, and approximately 2 X 103 ohms at 100%

relative humidity.

Jason and Wood found that the eguivalent parallel resistance decreased

from the order of 107 okms at 0% relative humidity to approximateiy 3 X 103

obnos at 100% relative huimnidity for films fcrmed by anodizztion in chromic

acid, oxalic acid, and sulfuric acid. The eguivzient paraliel capacitance in-

Z 2 X 103 microfs. nde at 0% relauve humidity to 5 X

creased from 3 X 13

i)” microfarads z: 190% ralative humidit; for samples arodized in the same

thrze ele --olytes.
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If the propertizs of the {iims present cn the surface in this study and
the films studied by Jason 2nd Wood are similaz, then i1t may be said that
the electrical properties are strongly a function cf the relative humidity.
Further, if the reaction is indeed electr>chemical .n rature, it is to be ex-
pected that the rate would be intimately related to the elecirical properties

. of the film.

it is proposed that the passage cf aluminum ions through the filin
occurs largely at pores whose diameter is of the order cf 100 A. The electron
micrograph of Heyn (3) clearly shows that the oxidaticn product :» needle-
like in rature. Transport of aluminum ions thrcugn the pores zpparantly
< occurs readily and reaction with oxygen and water molecules appar~ntly
- occurs wiikin the pore or at the top surface. Transport of alumirum ions
through the film necessitates the traasport alsc of electrons. Their ready
transport perhaps occurs at places where mercury penetrates tkrough the
film, but they may also move through the film at cther locations.

The location of the pores in the film probably continually change as
the aluminum at the base of the pore is consumed. Transpcct of aluminum
atoms at the basc of the pore may be facilitated by the presence of mercury
ang .r the highly exothermic nature cof the oxidation process.

The role of water in the reacticn is a very compliex «<ne.

It 1s apparent

that ¢.e influence of water on the cve:all r-:e =f the exidsuca of aluminum is

- more than simply an effec: cn the clec:-ica’ preperties cf the film since

- o

bt
4 {
t
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water is an intimate componcent of the reaction product. Very little of the
incorporated water was lost on heating at 115°C. and the composition of the
product as determined by dehydration at 600°C. was equivalent to Al203- 7H0
Storz: e at 100% relative humidity also 12d to crystallization of the trihydrate.
Water also was involved in a direct chemical reaction over the entire range

~

of relative humidity in an amount equivalent to 0. 966 mg. of aluminum/jcm. “/

minute.
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“An Ultrastructure Study of the Corrosion r'redust Formed
during the Catastrophic Corrosion of Aluminam in the
Presence of Mercury and an Hypothesis for Explaining the
Structure Observed”

By

Antonr N. J. Heyn




ABSTRACT

An eiectron microscope study was made cf the product fcrmed when

mercury and mercury 2lioys were contactec with aluminumn in air at room
temperazure. The structure of the proguct consi- ed of unifcrm, eicngated
micellar strands, approximately iC0 A. in width and 2000 A. or more in
length. An hypothesis of alternating active sites was propesed. Eleciron

diffraction studies gave no evidence tha. the prcduct was crystallire.




It has long been known(l) that vpoun exposure of aluminum to mercury
a remarkably destructive lype of corros:on dccurs u which most fantastucally
shaped fibrous filaments, bands and <“ecets of 2luminum hydroxxde(!) - :
hydrated aiuminum oxide seem 1o grow rap:dly {rom the meisi suvface Thes
particular type of corrosion is most detrimental and extremely difficult to
stop, once started. L
An ultrastructure study cf this phe- omenon with the electron micro-
scope has been ca1r:ed out by the author, the resuiws of which are briefly
reported herein.
From the electron micrographs, which are reproduced at a magnifica-
tion of 23, 560 times, it is seen that in all cases che corrosion product has a
typica” ultrastructure which at first sight looks like 2 polycrystalline co. -
figuration. The composite structure consists of sub-microscopic. uniform,
elongated micellar strands or needles, which axre bundled together cver
larger ranges in almost parallel orientation. These necdles very often appear
1o ve flz -ened and have an almost uniform width of abeut 100 A.  Ind:cations
«f a helical or coiling appearance 1s often observed. The length of the needles
0. strands is very difficult to determinz. but :s guescrally at leasi twenty
tir-ies the diameter, but very often much longer. T:zrsv r-« TUpIUTES ATC

often seen across the needies. The 1mpi essica 1 cbtaned th.t longer strands

(i) i RBhrig Aluminum Zersitiung carch Que. ksdber uad e

Bekimpfung, Korrz..on und Metallschutz 3, 1 {i927).
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are broken at irregular places into shorter pieces to fo*m the necdles,

Sometimes consistent large patches cf very high electror. absorption
(appearing white on electron micrograph #4) are observed, which are pro-
bably micro droplets of mecrcury car:zied along «'.d captivated by the growing
fibers. In the vicinity of these drops much finer fibevs are often seen.

When other metals have been added to the me: .u~y, such as lead ard
thallium, the shape and size of the strands is somewhat differert., They are
more compressed in length and more irregular in appeararce and crienta-
tion (electron = ::rograph #5),

A few electron diffraction cbservations were made for datermining
whether or not these strands have crystalline configuration., At .irst sight
they usually give the impression of having micro crystalline nature. No
clear leciron diffraction was cbtained, so that the ccn:ilusiorn must be made
that the particles are probably amorphous,

The explanation of the remarkable structure observed has to be based
on the physical-chemical process underlying its formation. The findings on
the stru-*1re inversely may point to the nature of this process. On the basis
of the above observation the following explaniation is presented by the authos.

The essential features of the vit.astructure cbsevved is the presence
of elongated micro fibrils of rather constant diamete>, g=cwn from the sur-
face and packed in paraliel crientaticn. Similar formaticns Live been cb-
served in the case cf so-calicd ' metal whiskers," which ate also elongated

structurc«s grown from a meral surface ~'..ng cne di:«wction, A diffevence is
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that in the present case the fibers have apparently nc¢ crystalline cont:

tion, so that crystalline forces probal', do not play a part :n their growth.

The author, therefore, suggests the use of the texm "2meoerphous whiskers
for the present structures.

It has long been assumed“) the. the 2aluminrum hydroxide is fczmed in
this corrosion process under dissolving of the ailuminurm in the tiuid mo: rusy
layer covering its surface to form an aluminum-mercury alloy and under
subseguent oxidation of this alloy in ccntact with moisi air.

Assuming that this is correct, the i llowing hvoothes.s Jor the details
of this process can be preseated on the basis cf +re ultrastructure observed.
The oxidation of the aluminum alloy will take place in anodic regions which
alternate with cathodic regions on the surface. Afte: the first layer of oxide
has covered the anodic sites, further oxidation wiil result in the growth of
paraliel fibers of infinite lengths in vertical direction, separated at the foot
by the cathodic regions. "As a result of growth pressure and maybe alco

shifting of the anodic regions over the surface, coiling, transverse rupture
and shifting of the fibers may occur. This wcutld filly explain the features
observea. If this hypothesis is correct, the crcss section cf the fibers
w~.2d essentially correspond to the arez of the arodic domain:s and the cross
section of the composite fibers would be 2 true -epresentation of this distri-
tuotion of =nodic and cathodic regionz on .he surf2:zs  F>u. iie cToss sections
of the fibers it could te concluded then that the ¢ross section of the arodic

sites wouid be about 109 A. 2nd fr5.a ¢ -.~cking of the fikers it couid be
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concluded that the packing is probably not much more than twice this va.ue.

This hypothesis of alternating sites would nicely explain the main .

point, why a discontinuous arrangement of whiskers is formed rather than

a continuous layer of oxide. : .
.
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No.

No.

Catastrophic corrosion of aluminum by pure mercury.

Fibrils almost ir original arrangement. The direction
of growth is perpeadicular o the metal surface and
along the meridian of the photograph. Magnificauon
23,560 X.

Catastrophic corrosion of aluminum by pure mercury.

Fibrils spread out from original arrangement o show
their shape bettex. Magnification 23,560 X.

Catastrophic corrosion of aluminum by purc mercury.

Fibrils spread out from original arranr_ement to shic
their shape better. Magnificatio. 23,560 X.

Catastrophic corrcesion of aluminum by pure ..ercury
In center of picture a droplet of mercury surrounded by
needles of finer structure. Magnification 23,560C X.

Catastrophic corrosion of alumsinum by mercury tc
vhich 20% thallinm bhas been added. Magnification
23,560 X.
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